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Abstract 
Spatial patterns of links between temperature extremes and cardiovascular mortality 
in the Czech Republic 
Previous studies have examined relationships of high and low air temperatures to 
mortality due to cardiovascular diseases (CVDs) in the Czech Republic as a whole. Much less 
has been understood about possible regional differences in the heat and cold effects on 
mortality. Within four papers published in international peer-reviewed journals, the author 
of this thesis investigated links between extreme temperatures and CVD mortality in the 
Czech Republic while considering in particular differences between (i) urban and rural 
areas, (ii) regions with different socioeconomic status, and (iii) regions with different 
physical–environmental conditions. Various biometeorological approaches were compared 
in order to identify meteorological characteristics affecting heat- and cold-related mortality. 
Excess mortality was determined as differences between observed and expected daily 
values, the latter being adjusted for long-term changes, annual and weekly cycles, and 
epidemics of influenza/acute respiratory infections. Air temperature, biometeorological 
indices (including the Universal Thermal Climate Index, Apparent Temperature, and 
Physiologically Equivalent Temperature), and Spatial Synoptic Classification were applied in 
order to identify days/spells with heat and cold stress and their climatological 
characteristics. 
Generally higher relative excess CVD mortality on hot days than on cold days was found 
in both urban and rural regions. After taking into account lagged effects of temperature on 
excess mortality, however, the effect of hot spells was significant in highly urbanized regions 
while most excess deaths in rural districts may be attributed to harvesting effects. Highest 
population count and density, highest average temperature due to low altitude, and 
generally worst thermal conditions due to high proportion of artificial surface were the 
factors associated with largest excess CVD mortality due to hot spells in urban districts. The 
peak in excess CVD mortality was observed on the day after the hot spell’s onset, which was 
associated with a transition between oppressive weather types. While heat effects on CVD 
mortality for air temperature and the examined thermal indices were similar, air 
temperature provided a weak cold effect in comparison with the thermal indices including 
the wind chill effect. Only within the most deprived regions did socioeconomic status play a 
significantly relevant role.  
Results of the thesis are potentially useful for better targeting biometeorological 
forecasts and warnings to population groups and regions especially vulnerable to extreme 
weather, as well as for estimating possible climate change effects on heat- and cold-related 
mortality in the Czech Republic. The study also highlights the importance of critically 
evaluating applicability and benefits of various biometeorological approaches using 
epidemiological data when defining criteria and algorithms for integrated warning systems. 
Key words: heat stress; cold stress; mortality; spatial differences; cardiovascular disease 
Shrnutí 
Prostorové vzory vazeb mezi teplotními extrémy a úmrtností na kardiovaskulární 
nemoci v ČR 
Předchozí studie prokázaly vliv období vysokých i nízkých teplot vzduchu na úmrtnost 
na kardiovaskulární onemocnění pro populaci České republiky (ČR) jako celku. Cílem této 
dizertační práce byl výzkum regionálních rozdílů v těchto vztazích a faktorů, které je 
ovlivňují. Ve čtyřech článcích publikovaných v mezinárodních recenzovaných časopisech 
byly zkoumány rozdíly ve vlivu vysokých a nízkých teplot na kardiovaskulární úmrtnost 
v ČR zejména mezi (i) městskými a venkovskými oblastmi, (ii) regiony s rozdílnou úrovní 
socioekonomické deprivace a (iii) oblastmi s odlišnými fyzicko-geografickými a 
environmentálními podmínkami. Tyto rozdíly byly zkoumány za využití různých 
biometeorologických přístupů s cílem určit meteorologické charakteristiky mající vliv na 
úmrtnost v důsledku stresu z horka a chladu. Vliv teploty vzduchu na úmrtnost byl stanoven 
na základě relativních odchylek od očekávaných denních počtů úmrtí v horkých a chladných 
dnech. Očekávaný počet úmrtí pro každý den byl stanoven ošetřením časových řad 
o nemeteorologické složky, jako jsou dlouhodobý trend, sezónnost, týdenní cykly v chodu 
úmrtnosti a dále epidemie chřipky a akutních respiračních infekcí. Horké (chladné) dny 
(resp. období) v létě (zimě) byly vymezeny pomocí kvantilů rozdělení teploty vzduchu a 
vybraných biometeorologických indexů (Universal Thermal Climate Index, Apparent 
Temperature a Physiologically Equivalent Temperature) v daném regionu. Pomocí 
synoptického přístupu (Spatial Synoptic Classification) byly zkoumány klimatologické 
charakteristiky horkých období z hlediska četnosti výskytu obtížných vzduchových hmot a 
jejich vlivu na úmrtnost. 
Obecně vyšší odchylky úmrtnosti na CVD byly pozorovány v horkých než chladných 
dnech a to jak ve městech, tak na venkově. Při zohlednění tzv. efektu posunu úmrtnosti při 
výskytu horkých vln byl však celkový vliv období vysokých teplot vzduchu na zvýšenou 
úmrtnost významný pouze u městského obyvatelstva. Korelační analýza na úrovni okresů 
určila jako hlavní faktory prostorových rozdílů ve vlivu horkých dnů na kardiovaskulární 
úmrtnost vysoký počet obyvatel a hustotu zalidnění, teplé klima v důsledku nízké 
nadmořské výšky a obecně zhoršené tepelné podmínky v důsledku vysokého podílu 
nepropustných městských povrchů. Naopak míra socioekonomické deprivace měla 
statisticky významný vliv pouze v regionech s obecně nízkým socioekonomickým statusem. 
Klimatologická analýza průběhu horkých období ukázala možnou souvislost mezi 
charakteristickou změnou obtížných vzduchových hmot během kulminace horké vlny a 
výskytem maximálních odchylek úmrtnosti. Zatímco v případě horkých dnů byly zjištěny 
minimální rozdíly mezi výsledky pro jednotlivé biometeorologické indexy a teplotu 
vzduchu, v případě výběru chladných dní byly zjištěny značné rozdíly a zvýšená 
kardiovaskulární úmrtnost byla lépe podchycena při použití biometeorologických indexů 
uvažujících kromě teploty vzduchu i ochlazující účinek větru. 
Výsledky dizertační práce jsou potenciálně užitečné pro zpřesnění biometeorologické 
předpovědi a zlepšení možností varování rizikových skupin obyvatelstva a regionů v 
případě výskytu extrémních teplot vzduchu. Tato zjištění mohou být zároveň použitelná i 
pro tvorbu scénářů možných budoucích změn úmrtnosti v důsledku stresu z horka nebo 
chladu. Studie porovnávající různé metodické přístupy také poukazují na důležitost 
kritického porovnání a validace těchto přístupů na epidemiologických datech pro vývoj 
biometeorologické předpovědi a integrovaných varovných systémů. 
Klíčová slova: stres z horka; stres z chladu; úmrtnost; regionální rozdíly; kardiovaskulární 
onemocnění 
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Extreme temperature events are the deadliest atmospheric hazards in mid-latitudes 
(Kirch et al. 2005; EEA 2010). Especially periods of extremely high temperatures – heat 
waves – cause large numbers of victims in Europe, comparable only with such non-
atmospheric hazards as earthquakes (EEA 2010). In 2003, an extreme heat wave in 
southwestern Europe resulted in more than 70,000 heat-related deaths (EEA 2010), and 
Barriopedro et al. (2011) reported similar estimates (55,000 fatalities) for the 2010 heat 
wave in Russia. In the Czech population, deviations of mortality from the baseline may 
exceed 100 deaths daily (more than a 30% relative increase) at heat wave peaks and reach 
several hundred deaths over long-lasting hot periods, such as the severe 1994 heat waves 
(Kyselý 2004). Similar estimates were reported for the 1994 heat wave in Berlin and 
Brandenburg (Gabriel and Endlicher 2011). Due to climate change, increasing frequency and 
magnitude of extreme heat waves are projected for the future (e.g., Gosling et al. 2009; IPCC 
2014). In central Europe specifically, approximately 40% of July and August days at the end 
of the 21st century are projected to be extreme with respect to current climatic conditions 
(Ballester et al. 2009). Therefore, heat waves comparable to those in 1994, 2003, 2010, 
2013 (Lhotka and Kyselý 2015), and 2015 (Russo et al. 2015) may represent common 
summer weather in a future central-European climate. 
With respect to increasing frequency and magnitude of heat waves, increased heat-
related mortality and decreased cold-related mortality are projected in a future climate 
(Gosling et al. 2009; Muthers et al. 2010; Huang et al. 2011). As many studies have shown, 
however, physiological, behavioral and technological adaptation may considerably reduce 
impacts of heat stress on human health (Christidis et al. 2010; Matzarakis et al. 2010; Kyselý 
and Plavcová 2012; Bobb et al. 2014; Ebi et al. 2014). That means there remains great 
uncertainty concerning the impact of climate change on weather-related mortality (Gosling 
et al. 2009; Huang et al. 2011; Gosling et al. 2012; Boeckmann et al. 2014). Moreover, the 
estimates of cold-related deaths (e.g., 1,900 deaths during 1998–2009 in Europe; EEA 2010) 
may be substantially underestimated inasmuch as the effect of cold spells is lagged and 
mortality may exceed expected values for several weeks (Huynen et al. 2001; Laschewski 
and Jendritzky 2002; Cheng and Su 2010; Kyselý et al. 2011). The attribution of excess 
mortality to low temperatures is not straightforward, however, because influenza/acute 
respiratory infections and decreased input of UVB radiation are factors contributing to the 




1.2 Human thermal comfort 
Human thermal comfort is a complex phenomenon created by diverse interactions 
between physiology, psychology, and behavior (Yao et al. 2009). Balancing the human heat 
budget is controlled by an autonomous thermoregulatory system that is supported 
additionally by behavioral adaptation (e.g., eating and drinking, activity and resting, 
clothing, exposure, housing, migration) (Jendritzky et al. 2012). The heat exchange between 
the human body and its environment takes place by sensible and latent heat fluxes, 
radiation, and conduction (Figure 1.1). Atmospheric parameters governing all of the 
aforementioned heat fluxes include air temperature, water vapor pressure, wind velocity, 
and mean radiant temperature (Tmrt). Tmrt summarizes all short-wave and long-wave 
radiation fluxes reaching the human body, and it is the most important parameter 
influencing outdoor thermal comfort during sunny conditions (Kántor and Unger 2011). 
However, calculation of Tmrt is affected by great uncertainties if accurate meteorological 
data are not available (Weihs et al. 2012). Thermal comfort in cold environments, on the 
other hand, is markedly worsened by high wind speed – the so-called wind chill effect 
(Shitzer et al. 2012). In addition, metabolic rate (physical activity) and clothing insulation 
worn by the subject are important non-meteorological factors modifying human thermal 
comfort (Jendritzky et al. 2012). 
   
 
Figure 1.1 Components of the energy balance of humans. C, convective and 
conductive heat flux; Ed, latent energy flux by vapor diffusion; Esw, latent energy flux 
by sweat evaporation (perspiration); Eres, energy flux by respiration; Atm, long-
wave atmospheric counter radiation; Dir, direct solar radiation; Dif, diffuse radiation; 
Ref, short-wave reflected radiation; R, long-wave radiation of humans; E, long-wave 
radiation from surrounding areas (taken from Becker 2000). 
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The aforementioned knowledge is reflected in the development of human thermal 
comfort models that numerically solve the human heat budget. The heat-budget thermal 
comfort models are based on thermo-physiological models such as the Klima-Michel model 
(KMM; Jendritzky et al. 1979; Jendritzky and Nübler 1981) or the advanced Fiala model 
(Fiala et al. 2010) and the state-of-the-art adaptive clothing model (Havenith et al. 2011). 
Output of such models is an equivalent temperature (human thermal comfort index) 
representing intensity of physiological strain with respect to reference conditions. Many 
thermal comfort models and derived indices have been developed since Fanger’s (1972) 
Predicted Mean Vote model. Human thermal comfort indices used widely in recent 
biometeorological assessments include Physiologically Equivalent Temperature (PET; 
Höppe 1999; Matzarakis et al. 2007), based on the Munich Energy-Balance Model for 
Individuals (MEMI) (Höppe 1984), and Perceived Temperature (PT; Staiger et al. 2012), 
derived from the KMM, being used operationally by the German Weather Service (DWD, 
Jendritzky et al. 2000). The recently developed Universal Thermal Climate Index (UTCI), 
derived from the Fiala model and adaptive clothing model (Figure 1.2), takes account of 
state-of-the-art knowledge in all associated disciplines (physiology, occupational medicine, 
physics, meteorology, and biometeorological and environmental sciences). It was developed 
as part of COST Action 730 in order to create a standard outdoor thermal conditions 
measure suitable for various applications of human biometeorology (Jendritzky et al. 2012; 
McGregor 2012). In comparison with other indices, UTCI is more sensitive to even slight 
changes in meteorological inputs and describes better various climatic conditions 
(Błażejczyk et al. 2012). Nevertheless, only a few studies have evaluated how UTCI performs 
compared to other indices in assessing epidemiological outcomes, and their results have 
been unconvincing (Burkart et al. 2011; Nastos and Matzarakis 2011; Morabito et al. 2014).  
 
Figure 1.2 Concept of UTCI derived as equivalent temperature from the dynamic 
multivariate response of the thermophysiological UTCI-Fiala model (Fiala et al. 2012) 
coupled with a clothing model (Havenith et al. 2012) (taken from Bröde et al. 2012). 
Generally, no significant predictive advantage for any thermal index (including UTCI) has 
been observed over the use of air temperature (Kim et al. 2011; Vaneckova et al. 2011). 
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While human thermal comfort indices refer to a reference healthy person, the population 
groups most affected by thermal stress are the elderly, young children, and persons with 
impaired thermoregulation due to poor physical and medical condition (Kenny and Munce 
2003). The extent to which human health outcomes such as mortality are connected to the 
human heat balance is the crucial question of studies assessing temperature–mortality 
relationships (Burkart et al. 2011). Moreover, the determination accuracy of human thermal 
comfort indices is limited due to the aforementioned uncertainties in modelling Tmrt. 
Therefore, air temperature or simple indices, derived empirically from combined effect of 
air temperature, humidity, and/or wind velocity (e.g., Apparent Temperature (AT); 
Steadman 1984) on the human organism, have still been widely used as proxy variables 
representing biometeorological conditions (Basu 2009). Their advantages lie in their little 
demand for input data, easy predictability for weather forecasters, and clarity for public and 
health information providers (McGregor 2011).  
The limitations associated with a lack of appropriate input data for thermal comfort 
indices can to some extent be avoided by taking a synoptic approach. Such a methodology 
takes into account the entire suite of daily weather elements (air temperature, a humidity 
variable, total cloud amount, wind components, and atmospheric pressure) that are 
classified into air masses (weather types) with meteorologically homogeneous conditions 
(Davis and Kalkstein 1990). Spatial synoptic classification (SSC; Kalkstein et al. 1996; 
redeveloped by Sheridan 2002) has been widely employed in various biometeorological 
applications, and particularly in developing heat-and-health-warning systems (Sheridan and 
Kalkstein 2004; Hondula et al. 2014). These systems are based on identifying so-called 
oppressive air masses associated with increased risk of death due to hot weather that 
follows issuance of an alert. Benefits of such warning systems have been documented in 
saving both human lives and costs (Toloo et al. 2013). Despite the availability of an SSC 
calendar in Europe (Bower et al. 2007), gaps in both research and application of SSC in 
central Europe have been mentioned in international literature (Hondula et al. 2014).  
1.3 Evaluating temperature–mortality relationships  
1.3.1 Baseline mortality estimation 
In order to identify short-term effects of temperature on health, adjustments must be 
made in the time series for long-term trend and seasonality (Bhaskaran et al. 2013). The 
effects of extremely high/low temperatures can be subsequently estimated as differences 
between observed mortality and the adjusted baseline (expected) mortality during 
individual hot/cold events. Numerous methods have been used for calculating the mortality 
baseline (see Gosling et al. 2009). The most common approaches (see Figure 1.3) include 
time-stratified models splitting the study period into intervals (year, day of year) and 
estimating an average number of deaths for each interval (cf. Kyselý 2004), as well as 
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generalized linear and generalized additive models using a flexible spline function of time, 
flexibility of which is defined by degrees of freedom (Wood 2006; Bhaskaran et al. 2013).  
 
Figure 1.3 Two alternative ways of modelling long-term patterns in data (seasonality 
and trends) (taken from Bhaskaran et al. 2013). 
After adjusting health data for seasonality and long-term patterns, the relationships 
between model residuals and temperature can be investigated by adding the exposure 
variables (air temperature, air pollution, etc.) directly into the model and examining the 
regression relationships – i.e., the so-called “relative risk” of increase in mortality for each 
1°C increase/decrease in temperature above/below a certain threshold (Hajat et al. 2007; 
Bhaskaran et al. 2010; Burkart et al. 2011). Other studies prefer to evaluate temperature–
mortality associations by calculating excess mortality, thereby leading to what are termed 
“rate ratios” between observed and expected numbers of cases above/below a specific 
threshold defining hot and cold periods (e.g., the 5th/95th percentile of daily temperature; 
Huynen et al. 2001; Gabriel and Endlicher 2011; Kyselý et al. 2011; Ma et al. 2013).  
1.3.2 Temporal patterns 
In addition to a direct effect of thermal discomfort on a specific day, its temporal 
displacement is of major interest in this kind of research. While during heat waves excess 
mortality often occurs for several days which are then followed by a decrease of mortality 
rates to below-expected levels (so-called “mortality displacement” or “harvesting” effect; 
Gosling et al., 2009), no significant decrease below expected mortality has been observed 
during/after cold spells. Although magnitudes of the short-term mortality displacement 
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during heat waves have been observed to vary considerably among populations of different 
cities (Gosling et al. 2007; Basu 2009; Baccini et al. 2013; Saha et al. 2014; Zaninovic and 
Matzarakis 2014), studies assessing spatial variability in temperature-related mortality in a 
specific geographic area do not usually address the harvesting issue.  
1.3.3 Spatial patterns 
Previous studies have reported a nonlinear association between ambient temperature 
and mortality, with one or more change points defining temperatures above/below which 
the heat/cold-related mortality risks significantly increase (Curriero et al. 2002; Burkart et 
al. 2011; Wu et al. 2013) (Figure 1.4). Temperature thresholds of significantly increasing 
mortality risk usually vary by location and are strongly associated with latitude (Curriero et 
al. 2002; Braga et al. 2002; Baccini et al. 2008) due to different technological (central 
heating, air conditioning) and behavioural (e.g., clothing) adaptations (Eurowinter Group 
1997; Gosling et al. 2009).  
 
Figure 1.4 Nonlinear relationship between relative excess CVD mortality and mean 
daily temperature in Prague during 1994–2009 represented by a thin plate 
regression spline. The gray area represents 95% confidence bounds of the regression 
spline. The red/blue polygon depicts days with air temperature above/below the 
90th/10th percentile of the temperature distribution. 
Until now, most studies have investigated effects of heat waves among urban 
populations (Vandentorren et al. 2004; Kirch et al. 2005; Hajat et al. 2006; McMichael et al. 
2008), which are most affected by heat-related mortality (O‘Neill et al. 2009; Tan et al. 2010; 
Gabriel and Endlicher 2011). Urban residents face heightened heat stress due to altered 
water and energy balances – the so-called “urban heat island” effect (Oke 1982). Land-cover 
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characteristics such as the amount of impervious surface, green space, and unvegetated 
areas in a neighbourhood have been associated with increased heat vulnerability (Reid et al. 
2009; Uejio et al. 2011; Bao et al. 2015) and heat-related mortality (Xu et al. 2013; Klein 
Rosenthal et al. 2014; Burkart et al. 2015). Moreover, synoptic conditions typical for the 
formation of heat waves (Kyselý 2008) favour elevated concentrations of such air pollutants 
as tropospheric ozone (O3) and particulate matter (PM10). Causality of relationships among 
temperature, air pollution, and human health is associated with great uncertainty (Buckley 
et al. 2014). The effect of air pollution on mortality is often reported to be relatively small 
and insignificant compared to that of air temperature (Basu 2009; Vaneckova et al. 2011). 
Nevertheless, high levels of air pollutants may significantly strengthen the impacts of high 
temperatures on human health (Burkart et al. 2013).  
Generally, people with impaired thermoregulation due to poor physical and health 
conditions (Kenney and Munce 2003), often associated with chronic diseases of the 
cardiovascular or respiratory system (McMichael et al. 2006; Basu 2009; Davídkovová et al. 
2014), are most vulnerable to thermal stress. Therefore, demographic and socioeconomic 
factors are considered to be significant spatial modifiers of weather–mortality relationships 
(Sheridan and Dolney 2003; Wu et al. 2010; Burkart et al. 2011; Hattis et al. 2012). Higher 
proportions of elderly, socially deprived (homeless, unemployed), and/or isolated 
populations (people living alone, immigrants, ethnic minorities) are factors associated with 
vulnerability to thermal discomfort (Gosling et al. 2009; O’Neill et al. 2009; Conlon et al. 
2011).  
Although cold effects on excess mortality have been found to be stronger among rural 
than urban populations due to larger wind chill effect (Hajat et al. 2007; Gómez-Acebo et al. 
2010; Conlon et al. 2011), heat stress is presumed to be a significant risk factor for the rural 
population as well (Gabriel and Endlicher 2011). To date, there exist only a few studies 
investigating spatial differences in weather–mortality relationships under given climatic 
conditions (i.e., in relatively small territorial units) including urban as well as rural 
populations (cf. Hajat et al. 2007; Gabriel and Endlicher 2011; Hattis et al. 2012; Maier et al. 
2014; Kovach et al. 2015). Moreover, none of the aforementioned studies considered the 
effects of physical–geographic conditions such as local climate and topography on 
heat/cold-related mortality. 
1.3.4 State-of-the-art knowledge in the Czech Republic 
So far, studies in the Czech Republic have investigated climatology of extreme 
temperature events (e.g., Kyselý 2002; Kyselý 2010) and examined their effects on excess 
total mortality and mortality due to cardiovascular diseases (CVDs) (Kyselý 2004; Kyselý 
and Huth 2004; Kyselý and Kříž 2008; Kyselý et al. 2009; Plavcová and Kyselý 2010; Kyselý 
et al. 2011) while considering the population of the Czech Republic as a whole. The elderly, 
women, and people with chronic CVDs were found to comprise the population groups with 
the largest heat-related mortality (Kyselý et al. 2011; Davídkovová et al. 2014), while 
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middle-aged men and those with acute CVDs were most vulnerable to cold (Kyselý et al. 
2009; Davídkovová et al. 2014). Dzúrová (1993) demonstrated significant relationships 
between environmental deprivation, social deprivation, and poor health condition within 
the population of the Czech Republic. Relationships between socioeconomic status and 
cardiovascular risk factors have been documented in the Czech Republic as well (Bobak et 
al. 1999; Dragano et al. 2007). Nevertheless, spatial patterns in temperature–health 
relationships taking into account demographic, socioeconomic and physical–environmental 
factors in a comprehensive way have not yet been investigated in the Czech Republic.  
1.4 Goals and structure of the thesis 
The main objective of this dissertation is to analyze regional differences in links between 
extreme temperatures and CVD mortality in the Czech Republic, and especially differences 
between (i) urban and rural areas, (ii) regions with different socioeconomic status, and (iii) 
regions with different physical–environmental conditions. In addition, various 
biometeorological approaches are employed for identifying meteorological characteristics 
important for heat- and cold-related mortality assessment. These topics are 
comprehensively investigated and discussed in four papers published in international peer-
reviewed journals. As first author of all papers, A. Urban was responsible for gathering, 
cleaning and spatial analysis of the socioeconomic and environmental data, defining the 
analytical approach, performing most analyses, preparing initial interpretation of results, 
and drafting manuscripts of all papers. J. Kyselý, as supervisor of the thesis and the main 
co-author of the papers, defined the initial focus of the studies, contributed to defining the 
approach to the analyses, and provided critical revisions and feedback during the entire 
research. Other co-authors of the papers contributed to carrying out the research design (K. 
Burkart, C. Schuster, T. Lakes), gathering and cleaning the epidemiological data as well as 
assistance with interpretation of physiological mechanisms causing different responses to 
heat and cold stress (H. Davídkovová/Hanzlíková), gathering and gridding the temperature 
data (P. Štěpánek), and performing advanced statistical calculations in R (E. Plavcová). All 
co-authors contributed to critical revisions of the manuscripts. Specific authors’ 
contributions are defined in individual papers.  
Inasmuch as the effects of cold stress on mortality are less straightforward and, on the 
other hand, heat stress has been considered a greater threat in relation to climate change, 
the bulk of the papers focus on heat-related mortality. While CVD mortality was the main 
focus of this thesis, additional analyses of heat and cold effects on CVD morbidity (hospital 
admissions) were carried out in two papers.  
The papers included within the thesis are as follow:  
− Paper 1: “Heat- and cold-stress effects on cardiovascular mortality 
and morbidity among urban and rural populations in the Czech Republic” 
(Urban et al. 2014) compares the effects of heat and cold stress on CVD mortality and 
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morbidity and examines differences in these effects between an urban and a rural 
region; 
− Paper 2: “Comparison of UTCI with other thermal indices in the assessment of 
heat and cold effects on cardiovascular mortality in the Czech Republic” (Urban 
and Kyselý 2014) investigates differences in heat- and cold-related CVD mortality 
evaluated in terms of different thermal indices and compares their abilities to 
identify days with increased mortality risk; 
− Paper 3: “Spatial patterns of heat-related cardiovascular mortality in the Czech 
Republic” (Urban et al. 2016) investigates spatial and temporal patterns in effects of 
high temperatures on CVD mortality in the Czech Republic with respect to 
demographic, socioeconomic, and physical–environmental factors;  
− Paper 4: “Application of spatial synoptic classification in evaluating links 
between heat stress and cardiovascular mortality and morbidity in Prague, 
Czech Republic” (Urban and Kyselý 2015) employs the synoptic classification 
approach in order to examine associations between excess CVD mortality in Prague 
and hot spells with respect to their synoptic climatology. 
1.5 Data  
Epidemiological and meteorological time series necessary for the research were 
provided by the National Institute of Public Health (NIPH), the Institute of Health 
Information and Statistics (IHIS), the Czech Statistical Office (CZSO), and the Czech 
Hydrometeorological Institute (CHMI). The following time series were used for the analyses:  
− daily numbers of deaths and hospital admissions due to cardiovascular disease (CVD, 
I00–I99 according to ICD-10 [International Classification of Diseases, 10th revision]) 
in the Czech Republic during 1994–2009, stratified by age, sex, and district of 
residence of every deceased person (data sources: NIPH, CZSO, and IHIS); 
− daily climatic data (measured at 7:00, 14:00, and 21:00 local time) during 1994–
2009 at 18 stations in the Czech Republic, including variables needed for calculating 
biometeorological indices (air temperature, dew point temperature, relative 
humidity, cloud cover, wind speed) (data source: CHMI); 
− GriSt data set (described in Kyselý and Plavcová 2010): high-resolution gridded daily 
temperature (mean, minimum, and maximum) data covering the Czech Republic, 
interpolated from irregularly spaced meteorological stations operated by CHMI for 
1994–2009 (data source: CHMI); 
− daily data on air pollution (PM10, O3) in Prague during 1994–2009 (data source: 
CHMI); 
− daily calendar of the spatial synoptic classification (SSC) for Prague, available from 
the SSC home page (http://sheridan.geog.kent.edu/ssc.html). 
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In order to identify regions with different demographic, socioeconomic, and physical–
environmental characteristics, the following categorical data were used:  
− Census 2001 database for individual districts in the Czech Republic (provided by the 
Czech Statistical Office); 
− land cover characteristics from the CORINE land cover 2000 database (obtained from 
the Czech Environmental Information Agency (CENIA)); 
− characteristics from the ArcČR® 500 geographic database (provided by ARCDATA 
PRAHA). 
1.6 Methods 
The methods employed in the research are comprehensively described in individual 
papers. The basic steps that are common to all analyses are described below as they are 
essential for understanding the methodological approach as a whole.  
1.6.1 Excess mortality quantification 
In Papers 1, 2, and 4, the time-stratified model by Kyselý (2004) was employed for the 
baseline mortality estimation. This model is based on a multiplicative decomposition of time 
series with components of long-term trend, annual and weekly cycles, and residuals. In 
Paper 3, a single location-stratified generalized additive model (“mgcv” package in R 
(version 2.15.2)) (Wood 2006) with a flexible spline function was used in order to adjust 
mortality data for long-term trend and seasonality. Seven degrees of freedom per year were 
used as a common choice for daily mortality data (Bhaskaran et al. 2013). Weekly cycles 
were controlled by a categorical variable for day of week. In order to determine daily 
baseline mortality for individual districts, an additional categorical variable defining a 
district was added into the model formula. This approach allowed us to model baseline 
mortality consistently in all districts and helped to deal with small population counts in 
individual districts. In both approaches, relative deviations from the baseline mortality were 
used for evaluating mean excess mortality on days with hot/cold thermal conditions. 
1.6.2 Hot and cold days 
Hot (alternatively warm)/cold days with average (equivalent) temperature (AT, PET, 
and UTCI) above/below the 90th/10th percentile of the empirical distribution in summer 
(June–August)/winter (December–February) seasons over 1994–2009 were calculated. The 
90th percentile was chosen instead of the 95th percentile because it yields a larger sample 
size, and that is beneficial for analyzing small population samples. Use of the percentile 
method (unlike determining an exact temperature threshold) allows for examining 
approximately the same sample sizes in different regions and at both temperature extremes. 
This method has commonly been used for regional comparison of heat and cold impacts on 
human health in different regions (Hajat et al. 2007; Gabriel and Endlicher 2011). In Papers 
3 and 4, hot spells were defined as at least two consecutive days with average temperature 
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above the 90th/95th percentile of its distribution in summer seasons (June–August) 1994–
2009 in order to investigate lagged patterns of excess mortality (Paper 3) and climatological 
characteristics of hot spells (Paper 4). Mean daily (equivalent) temperature was employed 
for the definition because there was no single temperature measure superior to the others 
when the association between temperature and mortality was examined (Barnett et al. 
2010). 
1.7 Summary of results  
1.7.1 Heat and cold effects on cardiovascular mortality and morbidity and their regional 
differences  
Within the four papers, various aspects of heat and cold stress effects on CVD health in 
the Czech Republic were examined. Paper 1 brought new insights into which parts of the 
population are vulnerable to heat and cold, as well as what differences between heat- and 
cold-related effects on mortality and morbidity are typical. Generally higher relative excess 
CVD mortality was identified on hot days than on cold days in both an urban (Prague) and a 
rural (southern Bohemia) region (Figure 2.2). The analysis of regional differences showed 
highest vulnerability to heat stress among urban population with chronic CVDs, while the 
effects of cold stress were most pronounced on acute CVDs in the rural region. These 
findings were further complemented and supported by results for the population of the 
Czech Republic as a whole (Davídkovová et al. 2014) and may be useful for issuing better-
targeted heat- and cold-stress alerts. Possible influences of both environmental (urban heat 
island effects and generally local climate, different exposure to air pollution) and 
socioeconomic (different population structure and level of socioeconomic deprivation) 
factors were further investigated in Paper 3. In contrast to mortality, weak excess CVD 
morbidity was observed for both hot and cold days (Figure 2.3). This may reflect the 
considerable number of people who die before they can be admitted to hospital, another 
primary cause for hospital admission (heat stroke, dehydration), or an increase in 
emergency visits in relation to less-severe incidents which might account in part for the 
effect of temperature on morbidity. 
1.7.2 Benefits of thermal indices in evaluating heat and cold effects on mortality 
In Paper 2, a follow-up analysis to Paper 1 investigated the ability of UTCI and other 
thermal indices (PET, AT) to identify days with significant excess CVD mortality. While 
similar heat effects for air temperature and thermal indices were found in both regions 
(Prague and southern Bohemia), differences in cold effects between individual indicators 
were much larger (Figure 3.2). In particular, UTCI selects windy winter days over the most 
freezing ones (Table 3.6). That resulted in a small effect on excess mortality (when UTCI was 
used) in the urban population that is sheltered from the effects of wind and, by contrast, the 
largest effect (among the examined indices) on excess mortality in the rural population 
(Table 3.5). These findings raise an issue as to the representativeness of wind speed 
Summary 
20 
measurements in the UTCI calculation, especially when urban environments are considered. 
AT (requiring only standard meteorological data) and PET appear to be more universal 
indicators in heat- and cold-related mortality assessments than is UTCI.  
Generally, even as air temperature seems to be an appropriate tool for heat-related 
mortality assessment, it appears to be insufficient when effects of cold on epidemiological 
outcomes are considered, and thermal indices including the wind chill effect yield higher 
and probably more realistic cold-related mortality. This raises also a critical issue regarding 
the credibility of projections as to the impact of climate change on cold-related mortality 
when air temperature is used as the simplest proxy variable (cf. Gosling et al. 2011). 
1.7.3 Spatial patterns of heat-related mortality 
As the effects of heat stress on mortality were generally more significant than those of 
cold stress in both urban and rural areas, the following study (Paper 3) focused on analysis 
of spatial and temporal patterns of heat-related CVD mortality in the Czech Republic. 
Highest population count and density, highest average temperature due to low altitude, and 
generally worst thermal conditions due to high proportion of artificial surface were the 
factors associated with largest effects of heat on excess cardiovascular mortality in urban 
groups of districts (4.4, 4.6, and Table 4.3). The analysis of temporal patterns of mortality 
deviations during two weeks after a hot spell’s onset revealed no mortality displacement in 
large municipalities, while most of the excess deaths in rural districts might be attributed to 
the mortality displacement effect (Figure 4.7). A significant relationship between decreased 
socioeconomic status and increased heat-related mortality was found only within the most 
deprived district group (Figure 4.5). Long-term exposure to highest environmental and 
socioeconomic deprivation within the Czech Republic in urban districts with low 
socioeconomic status (northwest Bohemia, Ostrava region) may be associated with higher 
percentage of people having chronic cardiovascular disease (cf. Paper 1). Inasmuch as coal 
mining and associated heavy industry (electricity generation, metallurgy) are typical 
economic activities in these districts, their populations are potentially at risk of increasing 
social deprivation in future due to economic transformation. The results highlight the role of 
social and environmental conditions in adaptability to heat across the population. 
1.7.4 Synoptic approach to evaluating heat-related mortality 
In the last paper (Paper 4), a synoptic approach was employed in order to investigate 
relationships between mortality and meteorological patterns associated with hot spells in 
Prague. The widely used spatial synoptic classification (SSC) was utilized for this purpose 
for the first time in central Europe. Two SSC air masses (AMs) – dry tropical (DT) and moist 
tropical (MT) – were found to be oppressive (OAMs), i.e., associated with significant excess 
CVD mortality (Figure 5.1, Table 5.3). DT is characterized by the highest air temperature and 
smallest cloud cover, wind speed and relative humidity among the AMs, while the more 
frequent MT type has on average lower air temperature but greater cloud cover and relative 
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humidity than does DT (Table 5.2). Links between the OAMs and excess mortality are 
related to conditions on preceding days, as AMs occur in typical sequences during hot spells. 
DT is the most frequent AM at the beginning while MT occurs most frequently in a later 
phase of hot spells (Figure 5.4). The typical transition from DT to MT weather within hot 
spells in Prague was associated with the highest mean temperature deviation, largest day-
to-day pressure drop, highest occurrence of OAMs (considered together), and highest mean 
excess CVD mortality. The results suggest that weather type transition may be the leading 
factor in timing of the CVD mortality peak within a hot spell (Figure 5.5). 
1.8 Conclusions and outlook for future research 
The results of the thesis bring new insights into heat- and cold-related cardiovascular 
(CVD) mortality and morbidity assessment under temperate climatic conditions and the 
applicability of various approaches for estimating heat and cold effects on populations living 
in different environments.  
The main findings of the thesis are as follow: 
− Generally higher relative excess CVD mortality was identified on hot days than on 
cold days in both urban and rural regions. 
− However, while no mortality displacement in large municipalities after a hot spell’s 
onset was observed, most of the excess deaths in rural districts might be attributed 
to the harvesting effect. 
− Highest population count and density, highest average temperature due to low 
altitude, and generally worst thermal conditions due to high proportion of artificial 
surface were the factors associated with largest excess CVD mortality due to hot 
spells in urban districts. 
− The highest excess CVD mortality was observed on the day after the hot spell’s onset, 
which is associated, on average, with the highest temperature deviation, largest day-
to-day pressure drop, and greatest occurrence of oppressive air masses. 
− While air temperature seems to be an appropriate tool for assessing heat-related 
mortality, it appears to be insufficient when effect of cold on CVD mortality is 
considered and thermal indices including the wind chill effect yield higher and 
probably more realistic cold-related mortality.  
− While heat stress increases mortality especially due to chronic CVDs, the effects of 
cold stress are most pronounced on acute CVDs. 
− A significant relationship was found within the most deprived regions between 
decreased socioeconomic status and increased heat-related mortality. 
These results are potentially useful for better targeting biometeorological forecasts and 
warnings to population groups and regions especially vulnerable to heat and cold stress. 
Inasmuch as only a small percentage of the CVD mortality variance can be explained by 
models estimating weather–mortality relationships, regions with larger population counts – 
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rather than individual districts – need to be considered in order to achieve reasonable 
statistical power. Such urban agglomerations as Prague, Brno, Pilsen, cities in northwestern 
Bohemia, and the Ostrava agglomeration should be especially in focus, because urban areas 
are those most affected by heat stress due to urban heat island effects and large numbers of 
their inhabitants may live in neighbourhoods with lower socioeconomic status. Despite 
more significant and straightforward effects of heat on human health, cold effects on 
mortality and morbidity should not be neglected inasmuch as the wind chill effect may 
significantly heighten the degree of physiological stress, especially in rural highland areas. In 
contrast to mortality, insignificant excess hospital admissions for CVDs were observed on 
both hot and cold days. Such other health outcomes as emergency calls and hospital 
admissions for respiratory and heat/cold-related diseases should be considered in follow-
up research evaluating the effects of extreme temperature events on public health in the 
Czech Republic. In addition, applicability and benefits of various biometeorological 
approaches for assessing heat and cold effects on public health need to be critically 
evaluated when criteria and algorithms for biometeorological forecasting and warning 
systems in the Czech Republic are defined or redeveloped. 
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Abstract: Several studies have examined relationships of high and low air temperatures to 
cardiovascular mortality in the Czech Republic. Much less is understood about heat/cold-related 
cardiovascular morbidity and possible regional differences. This paper compares effects of 
warm and cold days on excess mortality and morbidity for cardiovascular diseases (CVDs) in the 
city of Prague and a rural region of southern Bohemia during 1994–2009. Population size and 
age structure are similar in the two regions. The results are evaluated for selected population 
groups (men and women). Excess mortality (number of deaths) and morbidity (number of 
hospital admissions) were determined as differences between observed and expected daily 
values, the latter being adjusted for long-term changes, annual and weekly cycles, and epidemics 
of influenza/acute respiratory infections. 
Generally higher relative excess CVD mortality on warm days than on cold days was 
identified in both regions. In contrast to mortality, weak excess CVD morbidity was observed for 
both warm and cold days. Different responses of individual CVDs to heat versus cold stress may 
be caused by the different nature of each CVD and different physiological processes induced by 
heat or cold stress. The slight differences between Prague and southern Bohemia in response to 
heat versus cold stress suggest the possible influence of such environmental and socioeconomic 
factors as effects of urban heat island and exposure to air pollution, lifestyle differences, and 
divergence in population structure, which may result in differing vulnerability of urban versus 
rural population to temperature extremes.  
 
Keywords: heat and cold stress, cardiovascular disease, mortality, morbidity, urban and rural 
differences, Central Europe 
2.1 Introduction 
Extreme temperature events, especially heat waves, have been documented as the most 
dangerous among all atmospheric hazards (at least in the mid-latitudes) and claim the 
largest numbers of victims (McMichael et al. 2006; Kyselý and Kříž 2008; Sheridan et al. 
2008; Gosling et al. 2009; Gabriel and Endlicher 2011). An enormous number of fatalities, 
exceeding those from other natural hazards, occurred in Europe during extreme 
temperature episodes between 1998 and 2009 (EEA 2010). The extreme heat wave in 2003 
caused more than 70,000 heat-related deaths in Europe, and similar estimates (55,000 
fatalities) were reported for the 2010 heat wave in Russia by Barriopedro et al. (2011). Cold 
spells caused almost 1,900 excess deaths in Europe during 1998–2009 according to 
estimates of EEA (2010), but some recent studies suggest that cold-related mortality may 
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even be substantially underestimated if lagged effects are not taken into account, and its 
overall magnitude may be comparable to that of heat-related mortality (Kyselý et al. 2011). 
Due to the rise in global mean temperature, extreme heat events are expected to increase in 
the 21st century, and, conversely, frequency of extreme cold events is projected to decrease 
(IPCC 2007; Gosling et al. 2009). In central Europe specifically, approximately 40% of July 
and August days at the end of the 21st century are projected to be extreme with respect to 
current climatic conditions (Ballester et al. 2009). Decreased cold-related mortality and 
increased heat-related mortality are expected in a future climate, but there is inconsistency 
among individual studies as to the magnitude of those changes (Gosling et al. 2009). 
Moreover, the role of adaptation in modifying climate–mortality relationships is another 
major uncertainty (O’Neill et al. 2009; Christidis et al. 2010; Conlon et al. 2011; Kyselý and 
Plavcová 2012). 
Effects of heat and cold stress on increased mortality have been demonstrated mainly for 
cardiovascular and respiratory diseases (e.g. Huynen et al. 2001; Basu and Samet 2002; 
Braga et al. 2002; Cheng and Su 2010). While during heat waves excess mortality often 
occurs for several days which are then followed by decrease of mortality rates to below 
expected levels (so-called mortality displacement; Gosling et al. 2009), the effect of cold 
spells is more lagged and mortality may exceed expected values for several weeks while 
showing no subsequent decrease below expected levels (Huynen et al. 2001; Laschewski 
and Jendritzky 2002; Cheng and Su 2010).  
The relationship between extreme temperature (which is often used as a simple proxy 
for ambient thermal environment) and excess morbidity (hospital admissions) has been 
found to be much less consistent than in the case of mortality, and the range of affected 
diseases is more diverse (Ye et al. 2012). Increased morbidity during heat waves has been 
observed for example in Italy (Mastrangelo et al. 2007), Great Britain (Kovats et al. 2004), 
and the United States (Semenza et al. 1999; Knowlton et al. 2009). Although morbidity due 
to cardiovascular diseases (CVDs), as the primary discharge diagnosis, did not increase 
significantly in most cases, the presence of a chronic CVD as a preexisting condition has been 
demonstrated as an important risk factor for hospital admission (Semenza et al. 1999). 
Several studies have examined the effects of extreme low temperatures on CVD morbidity 
(e.g. Schwartz et al. 2004; Morabito et al. 2005; Bayentin et al. 2010; Ma et al. 2011) and 
reported contradictory findings. Moreover, those studies have not taken into account effects 
of influenza and acute respiratory infections, which comprise a major factor influencing CVD 
mortality in winter season (Kynčl et al. 2005; Cheng and Su 2010). 
The aims of this paper are to complement previous studies on heat-related (Kyselý and 
Huth 2004; Kyselý and Kříž 2008) and cold-related (Kyselý et al. 2009 2011) mortality 
in the Czech Republic in two main directions: (1) to compare the short-term effects of heat 
and cold stress on CVD mortality and morbidity, and (2) to examine differences in these 
effects between an urban and a rural region. Such extension of previous work was made 
possible by completion and release of datasets with individual records of deaths and 
Paper 1 
29 
hospital admissions due to CVD, whereas all previous studies had been based on aggregate 
daily numbers of deaths for the entire population of the Czech Republic and all CVDs 
together. Hence, the earlier work had not allowed for examining regional differences, 
differences between mortality and morbidity, or differences regarding individual types of 
disorders. 
2.2 Area of investigation, data, and methods 
2.2.1 Population under study 
The two regions under study are the city of Prague and the rural region of southern 
Bohemia, each with a population of about 1.2 million inhabitants (see Figure 2.1 for detail). 
The city of Prague is by far the largest city in the Czech Republic and represents the urban 
population in this study. For comparison, we decided to consider a rural region with a 
similar number of inhabitants but low proportion of urban population. OECD’s international 
terminology (Spiezia 2003) defines a rural region as one in which at least 37.5% of 
inhabitants live in municipalities with population density less than 150 inhabitants per 
1 km2. In accordance with this definition, the two regional administrative units in the Czech 
Republic with the largest proportions of rural population are the South Bohemia Region 
(Jihočeský kraj, 46.8%) and the adjoining Highlands Region (Kraj Vysočina, 51.9%; Blatecká 
2006). Together, these constitute a geographic region with population size and structure 
similar to Prague (Figure 2.1), but only 36% of inhabitants there live in municipalities with 
population above 10,000 (CZSO 2012). The results of a study by Vobecká (2009), who 
examined spatial differentiation of population on the bases of commuting accessibility 
of regional centers in the Czech Republic, also support the selection of these two adjoining 








































Figure 2.1 Location of the examined regions (Prague and southern Bohemia) in the 
Czech Republic. Basic demographic characteristics of the two regions are also presented. 
2.2.2 Mortality and morbidity data 
Daily data on mortality due to CVDs (codes I00–I99 according to the International 
Statistical Classification of Diseases, 10th Revision [ICD–10]; Table 2.1) and on hospital 
admissions due to CVDs were obtained from the Czech Statistical Office (CZSO) and the 
Institute of Health Information and Statistics (IHIS). The data cover the period of 1994–
2009. The data records include the primary cause of each death or hospital admission and 
the region of residence for each decedent or patient. The records were stratified by gender.  
To account for long-term changes in mortality/morbidity (related to demographic, 
health care and life-style changes) as well as short-term variations due to the annual cycle 
and weekly cycles, the daily numbers of deaths/hospital admissions must be standardized. 
We employed an indirect standardization procedure analogous to that used by Whitman et 
al. (1997), Smoyer et al. (2000) and Kyselý (2004), in which a series of daily excess 
Population groups Prague 
Southern 
Bohemia 
Total 1,249,026 [%] 1,152,635 [%] 
Men 608,316 49 570,035 49 
Women 640,710 51 582,600 51 
Average age 
[yrs] 
41.6   40.6   
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mortality/morbidity was established by calculating deviations of the observed and expected 
(baseline) mortality/morbidity for each day of the examined period.  
The expected number of deaths/hospital admissions M0(y,d) for year y (y = 1994, ... 
2009) and day d (d = 1, ... 365) was determined according to the formula 
d).Y(y)(d).W(y,Md)(y,M 00  . 
In the equation, M0(d) denotes the mean daily mortality/morbidity on day d in a year 
(computed from the mean annual cycle over 1994–2009). Because Kynčl et al. (2005) and 
Kyselý et al. (2009) found relationships between influenza/acute respiratory infections 
(ARI) and mortality to be significant and strongest with the 7-day lag, all days 
corresponding to the epidemics of influenza/ARI, with the 7-day lag, were removed from the 
mortality/morbidity dataset before calculation of the mean annual cycle. W(y,d) is a 
correction factor for the observed weekly cycle of mortality/morbidity, calculated 
separately for individual days of the week and defined as the ratio of the mean 
mortality/morbidity on a given day to the overall mean mortality/morbidity. Y(y) is a 
correction factor for the observed year-to-year changes in mortality/morbidity, defined as 
the ratio of the number of deaths/hospital admissions in year y to the mean annual number 
of deaths/hospital admissions during the analyzed period. The correction factors for the 
weekly cycle W(y,d) and the year-to-year changes Y(y) were calculated over the April–
November period when the effects of epidemics of influenza/acute respiratory infections in 
the data are negligible. In calculating W(y,d), all public holidays were excluded.  
In morbidity data, outliers related to recording errors (2 days in Prague: 1 January 1994, 
1 July 1997; and 1 day in southern Bohemia: 1 July 2001) were removed from the database 
before calculating the mean annual cycle M0(d) and the correction factors for the weekly 
cycle W(y,d). Consultations with representatives of health insurance companies revealed 
that these dates probably represented errors relating to changes in the method of reporting 
patient payments for health insurance. The corresponding days were omitted from the 
analysis, together with all days on which hospital admissions might have been affected by 
influenza/acute respiratory infection epidemics (169 winter days during 6 epidemics in 
both regions).  
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Table 2.1 Examined diagnoses according to the International Statistical Classification of 
Diseases (ICD–10) coding and abbreviations used. 
ICD–10 code  Abbreviation Diagnosis 
I00–I99 CVD cardiovascular disease  
I20–I25 IHD ischemic heart disease  
I60–I69 CD cerebrovascular disease  
I21–I22 MI myocardial infarction (acute and subsequent) 
I25 CIHD chronic ischemic heart disease  
I70 ASVD atherosclerosis – atherosclerotic vascular disease  
I80 P&TP phlebitis and thrombophlebitis  
Mortality from CVDs comprises more than 50% of total mortality in the Czech Republic 
(CZSO 2012). Among CVDs, ischemic heart disease (IHD, 43.0% of CVD deaths) and 
cerebrovascular disease (CD, 27.8%) form the two main groups, responsible for more than 
70% of all CVD deaths (Table 2.2). We analyze also individual diseases that make up the 
largest share in cardiovascular mortality within the Czech population: myocardial infarction 
(MI, 17.0% of CVD deaths), chronic IHD (25.3%) and atherosclerosis (16.7%). Detailed 
statistics for the two regions are presented in Table 2.2. The percentage of death certificates 
based on autopsy is relatively high in the Czech Republic and comparable with that in 
western European countries, and it changed little over the study period (from 34% in 1994 
to 29% in 2009; IHIS 2010). Due to very low mortality from phlebitis and thrombophlebitis 
(0.5% of all CVDs, Table 2.2), only morbidity was analyzed in their case.  
Table 2.2 Regional statistics for morbidity (number of hospital admissions) and 
mortality (number of deaths) in two examined regions during 1994–2009 and shares in 
CVD morbidity and mortality (%). 
 Prague Southern Bohemia 
Diagnosis Morbidity Mortality Morbidity Mortality 
CVD 598,134 [%] 110,708 [%] 576,484 [%] 100,838 [%] 
IHD 211,933 35.4 44,624 40.3 168,976 29.3 47,033 46.6 
CD 110,705 18.5 28,045 25.3 97,207 16.9 28,056 27.8 
MI 33,981 5.7 15,205 13.7 39,720 6.9 19,582 19.4 
CIHD 147,171 24.6 28,956 26.2 80,110 13.9 26,974 26.7 
ASVD  59,455 9.9 23,410 21.1 42,860 7.4 13,137 13.0 
P&TP 16,769 2.8 538 0.5 22,706 3.9 549 0.5 
2.2.3 Meteorological data 
Although many meteorological variables have been used to study effects of heat and cold 
stress on mortality/morbidity, it remains uncertain which measure is best (Gosling et al. 
2009; Ye et al. 2012). Moreover, the relationship of apparent temperature (heat index) or 
other indices to mortality is often reported to be similar to, or even weaker than, that 
between air temperature and mortality (Kyselý 2004; Carder et al. 2005; Gosling et al. 
2009). Vaneckova et al. (2011) demonstrated there to be no significant difference in the 
performance of simple average air temperature and biometeorological indices in analyzing 
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heat-related mortality. Thus, we use average daily air temperature as the sole 
meteorological variable in this study.  
Use of air temperature allows for employing a dataset covering the two selected regions 
in a high-resolution regular grid (such data are not available for other meteorological 
variables needed as inputs for calculating heat index or other indices). The gridded dataset 
is based on interpolating mean daily air temperature from irregularly spaced meteorological 
stations operated by the Czech Hydrometeorological Institute (the GriSt dataset described in 
Kyselý and Plavcová 2010). The average daily temperature for each region was calculated 
from grid boxes 25 × 25 km covering the two regions. The empirical distributions of average 
daily temperature are similar in the two regions, except that the whole distribution is 
shifted by about 2 °C to higher temperatures in Prague in both seasons (Table 2.3). Days 
with average temperature above/below the 90%/10% quantile of the empirical distribution 
in summer (June, July, August) and winter (December, January, February) seasons over 
1994–2009 were defined as warm/cold days. Use of the percentile method (unlike 
determining the exact temperature threshold) allows for examining approximately the same 
number of cases in different regions and at both temperature extremes. This method has 
commonly been used for regional comparison of heat/cold impact on human health (e.g. 
Hajat et al. 2007; Medina-Ramón and Schwartz 2007; Gómez-Acebo et al. 2010; Gabriel and 
Endlicher 2011). 
Table 2.3 Statistics of winter and summer mean daily temperature for 1994–2009 in 
the two regions. The average altitudes were estimated using ArcGIS software by 
analyzing contour lines from digital geographical database ArcČR 500 (provided by 
ARCDATA).  
Prague (270 m a.s.l.) 
Winter °C Summer °C 
Average  0.6 Average  18.8 
Standard deviation 4.8 Standard deviation 3.6 
Minimum −17.3 Minimum 8.6 
Maximum 13.5 Maximum 29.2 
10% quantile −5.7 90% quantile 23.4 
 
Southern Bohemia (580 m a.s.l.) 
Winter °C Summer °C 
Average  −1.3 Average  16.8 
Standard deviation 4.7 Standard deviation 3.5 
Minimum −18.7 Minimum 6.1 
Maximum 10.7 Maximum 26.2 
10% quantile −7.6 90% quantile 21.2 
As mentioned above, the number of warm and cold days is the same in the two regions, 
apart from rounding effects in temperature data. However, as some winter days were 
omitted from the analysis due to epidemics of influenza/ARI (see section Mortality and 
morbidity data), and also because winter seasons (90 or 91 days) are shorter than summer 
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seasons (92 days), the examined sample of cold days (127 days) is slightly smaller than that 
of warm days (148 days) in each region. 
Deviations of mortality and morbidity from the expected values on warm/cold days (D0) 
and one day thereafter (D+1, to capture basic lagged effects) were summed and averaged 
over all warm/cold days. In the case of consecutive warm/cold days, only D0 values were 
included into the calculation. Statistical significance of the mean deviations for warm/cold 
days was evaluated by the 95% confidence interval (CI), calculated using the lower and 
upper limit factors for a Poisson-distributed variable according to Schoenberg (1983); for 
the number of cases larger than 100, the normal approximation was used.  
2.3 Results 
2.3.1 Mortality  
On warm days, we found significant (p = 0.05) excess mortality from all examined groups of 
diagnoses as well as individual CVDs other than MI in both regions (Table 2.4, Figure 2.2). 
Consistently for all diagnoses, higher anomalies were found in Prague than in southern 
Bohemia, with the largest difference for atherosclerosis (mean excess mortality 21% 
in Prague but 12% in southern Bohemia).  
Table 4 shows mean excess mortality on warm days also for individual genders. In both 
regions and for all groups of diagnoses as well as for individual CVDs except for 
atherosclerosis, excess mortality was greater in females than males. While in the rural 
region of southern Bohemia excess mortality was not significant in males for any CVD, in 
Prague it was significant also in males for all CVDs together, chronic IHD and 
atherosclerosis. In females, on the other hand, excess mortality was, in both regions, 
significant for all groups of diagnoses other than MI (and atherosclerosis in southern 
Bohemia; Table 2.4).  
The largest heat-related effects on CVD mortality in both males and females were found 
for atherosclerosis in the population of Prague (23% and 20%, respectively) while the 
smallest were for MI (in both regions). This notable and somewhat counterintuitive finding 
is examined further in the Discussion section. 
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Table 2.4 Relative excess cardiovascular mortality with 95% confidence intervals (in 
parentheses) on warm days (10% warmest days in summer) in Prague and southern 
Bohemia during 1994–2009. Values significantly different from zero are in bold. 
Prague 
Gender  Male Female Male and female 
Diagnosis    
all CVD 10.0 (5.0;15.1) 12.5 (8.1;17.0)  11.4 (8.1;14.8)  
IHD 4.0 (−2.9; 11.5) 11.7 (4.6; 19.2)  7.9 (2.9; 13.1)  
CD 7.3 (−2.8; 18.5) 11.2 (3.3; 19.7)  9.8 (3.5; 16.4)  
MI −4.8 (−15.4; 7.1)  1.5 (−10.5; 15.2)  −1.9 (−10.0; 6.9)  
CIHD 9.5 (0.5; 19.4)  14.8 (6.2; 24.1)  12.4 (6.1; 19.0)  
ASVD 22.7 (10.1; 36.8)  20.4 (10.5; 31.2)  21.3 (13.4; 29.7)  
    
Southern Bohemia 
Gender  Male Female Male and female 
Diagnosis    
all CVD 4.4 (−0.6; 9.6) 11.7 (7.0; 16.6)  8.3 (4.9; 11.9)  
IHD 1.1 (−5.6; 8.2) 14.1 (6.9; 21.8) 7.4 (2.5; 12.6) 
CD 5.6 (−4.4; 16.6) 10.1 (1.8; 19.0) 8.3 (1.9; 15.1) 
MI 1.0 (−8.4; 11.3) 4.6 (−7.1; 17.6) 2.4 (−11.8; 18.9) 
CIHD 0.7 (−8.6; 10.9) 19.6 (10.5; 29.4) 11.2 (4.6; 18.2) 
ASVD 12.8 (−2.2; 30.1) 11.9 (−0.3; 25.6) 12.3 (2.7; 22.8) 
 
Table 2.5 Relative excess cardiovascular mortality together with 95% confidence 
intervals (in parentheses) on cold days (10% coldest days in winter) in Prague and 
southern Bohemia during 1994–2009. Values significantly different from zero are in bold. 
Prague 
Gender Male Female Male and female 
Diagnosis    
all CVD 2.4 (−2.7; 7.7)  0.9 (−3.4; 5.4)  1.5 (−1.8; 4.9)  
IHD 7.0 (−0.8; 15.3)  −3.5 (−10.5; 4.0)  1.5 (−3.8; 7.0) 
CD −6.6 (−16.6; 4.7) 7.7 (−0.7; 16.9) 2.4 (−4.1; 9.4) 
MI 6.3 (−6.0; 20.2)  1.8 (−11.2; 16.7) 4.2 (−4.8; 14.2)  
CIHD 7.9 (−2.0; 18.8)  −6.4 (−14.6; 2.6)  −0.1 (−6.5; 6.8)  
ASVD 1.7 (−9.3; 14.1)  3.5 (−5.1; 12.9)  2.9 (−4.0; 10.2)  
        
Southern Bohemia 
Gender Male Female Male and female 
Diagnosis    
all CVD 4.3 (−0.9; 9.7)  0.8 (−3.8; 5.6) 2.4 (−1.1; 5.9) 
IHD 0.5 (−6.5; 10.4) 5.3 (−2.0; 13.0) 2.9 (−2.2; 8.3) 
CD 7.2 (−3.0; 18.5) 0.9 (−7.2; 9.7) 3.4 (−3.0; 10.3) 
MI 12.4 (1.9; 24.0) 11.0 (−1.9; 25.5) 11.9 (3.6; 20.8) 
CIHD −10.3 (−19.7; 0.1) 1.3 (−7.3; 10.6) −3.6 (−10.0; 3.2) 
ASVD 14.2 (−1.6; 32.5) −7.5 (−18.9; 5.5) 1.0 (−8.5; 11.4) 
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Only few statistically significant values of excess mortality were found on cold days, as 
shown in Table 2.5. In the population as a whole, only MI in southern Bohemia exceeded 
significantly the expected level. In Prague, the mean excess mortality for MI – although not 
significant – was also the highest among all CVDs. The mean excess mortality was 
on average much smaller on cold days than warm days, but there is a pattern of consistently 
(in both regions) positive values of mean excess mortality for all CVDs except chronic IHD. 
All groups of diagnoses except for chronic IHD also reached (in the population as a whole) 
higher cold-related mortality in southern Bohemia than in Prague. 
Table 2.5 shows that the relatively large and significant effect of cold days on mortality 
from MI in southern Bohemia is due to excess mortality in both males and females, although 
only in males was the effect significant.  
An overall comparison of mortality anomalies on warm and cold days in the urban and 
rural region is illustrated in Figure 2.2. To summarize, the main findings are that (i) the 
short-term effects of warm days are larger and much more often significant than those of 
cold days for most diagnoses; (ii) the excess mortality on warm days tends to be greater in 
Prague while it is greater on cold days in southern Bohemia; and (iii) the CVD diagnoses that 
behave differently as to heat and cold effects are mainly heat-related chronic IHD and 
atherosclerosis, as well as cold-related MI. 
2.3.2 Hospital admissions 
When all CVDs were considered together, we found no significant heat or cold effects 
on hospital admissions in any region, either in the whole population or in females and males 
analyzed separately. The same conclusion holds true for the two main groups of CVDs (IHD 
and CD). When individual CVDs were examined, only 2 statistically significant situations 
were found: In the population as a whole, hospital admissions for phlebitis and 
thrombophlebitis in Prague reached significant excess anomaly (9.2% [95% CI: 0.3% to 
18.8%]) on cold days (Figure 2.3). In individual population groups, significant excess 
morbidity was found in atherosclerosis among women on warm days in Prague (6.4% [95% 
CI: 0.4% to 12.8%]). Inasmuch as the lower bound of the 95% CI is very close to zero in both 
cases, however, these findings should be interpreted with caution. The few (weakly) 
significant findings are likely a random effect due to the multiple comparisons of individual 
diagnoses and population groups, as they are found only in 2 out of 72 tests performed.  
2.4 Discussion 
2.4.1 Differences in mortality and morbidity  
Significant excess CVD mortality on warm and cold days, including regional differences 
between the city of Prague and the rural region of southern Bohemia, were found in this 
study. In contrast to mortality, a weak impact of warm and cold days on excess morbidity 
(hospital admissions) due to CVDs was observed (cf. Figures 2.2 and 2.3). Significant excess 
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morbidity was found only for chronic CVDs in two population groups. With respect to the 
number of tested diagnoses and population groups, one has to be very careful when 
interpreting the few significant results for morbidity.  
The absence of excess hospital admissions (on days D0 and D+1 during and after a 
warm/cold day) is a somewhat counterintuitive finding and may have several causes. The 
first possible explanation is that it may be caused by longer delay in hospitalizations 
(Bhaskaran et al. 2010). The delay in seeking medical care and hospital admission can be up 
to a week from the first onset of symptoms (Gravely-Witte et al. 2010). While lagged cold 
effect on mortality up to two weeks has been found in a number of studies (Carder 2005; 
Hajat et al. 2007; Kyselý et al. 2011), results of studies that examined lagged cold effect 
on hospital admissions are inconsistent (Schwartz et al. 2004; Morabito et al. 2005; 
Morabito et al. 2006; Bayentin et al. 2010; Bhaskharan et al. 2010). Moreover, as mentioned 
in the Introduction, most of the cited studies did not take into account influenza epidemics 
(only Bhaskharan et al. 2010). We also looked at possible lagged effects of cold days on 
hospital admissions but found no signature of significant excess CVD morbidity for longer 
lags (up to 14 days) in our data. Nevertheless, since the explanation of the lagged cold effect 
on mortality, and even more on morbidity, remains uncertain (Schwartz 2004; Carder 2005; 
Morabito et al. 2006; Ye et al. 2012), more detailed analysis of the lagged effect was not the 
main focus of this study. 
Second, although Schwartz et al. (2004) had observed relatively quick increase of MI 
hospital admissions during high temperatures, we found no significant anomaly of 
morbidity for such acute CVDs as MI or CD on either warm or cold days. This may be 
because an appreciable number of people die from acute CVDs before they can be admitted 
to hospital (Kovats et al. 2004; Linares and Díaz 2008). A third reason for not finding 
significant temperature-related CVD morbidity may be that there was another stated 
primary cause of hospital admission (heat stroke, dehydration), even though chronic CVDs 
(such as atherosclerosis, hypertensive disease, and other heart diseases) were frequently 
the underlying cause of admissions during a heat wave (Semenza et al. 1999). Knowlton et 
al. (2009) observed a significant increase in emergency department visits with CVDs during 
heat waves, while the excess of hospitalizations for CVDs was not significant. Representing 
more acute but less severe incidents, emergency visits can capture the effect of extreme 





Figure 2.2 Relative excess mortality (%) for individual CVDs and the population as a 
whole on (w) warm and (c) cold days in Prague and southern Bohemia during 1994–
2009. See Table 1 for definition of abbreviations. Filled markers indicate positive values 
significant at p = 0.05. Error bars indicate 95% confidence intervals. 
 
Figure 2.3 Relative excess morbidity (%) for individual CVDs and the population as a 
whole on (w) warm and (c) cold days in Prague and southern Bohemia during 1994–
2009. See Table 1 for definition of abbreviations. Filled markers indicate positive values 
significant at p = 0.05. Error bars indicate 95% confidence intervals. Range of the y-axis is 
the same as in Figure 2.2. 
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2.4.2 Urban and rural differences 
A more pronounced effect of warm days was found in Prague while stronger cold effect 
was seen in southern Bohemia (see Figures 2.2 and 2.3). Although these are expected 
findings, this study presents the first attempt to quantify the differences between an urban 
and a rural population in the Czech Republic, and it shows that heat stress has a significant 
impact also on rural population. The urban–rural differences in mortality impacts may be 
caused by different urban and rural environmental and socioeconomic conditions, as 
discussed below.  
Environmental factors  
The number of studies for European populations to which the present findings may be 
compared is limited. Gabriel and Endlicher (2011) revealed mortality risks in both urban 
and rural areas at Berlin and Brandenburg during heat waves, while the highest mortality 
rates were in the most densely built-up districts within the city of Berlin. In England and 
Wales, strongest heat effects on mortality were found in London in contrast to the strongest 
cold effects occurring in the East of England region, which may be attributed in part to a 
relatively older population and its exposure to cold winds in this region (Hajat et al. 2007). 
However, the estimate of the cold effect in the East region was much reduced after including 
years with missing air pollution data into the analysis. Other studies have found generally 
greater vulnerability of the rural population to cold stress (Gómez-Acebo et al. 2010; Conlon 
et al. 2011) and, by contrast, higher risk of mortality due to extremely high air temperatures 
among the urban population (O'Neill et al. 2009; Tan et al. 2010) and in densely urbanized 
neighborhoods (Smoyer et al. 2000; Medina-Ramón and Schwartz 2007; Loughnan et al. 
2008). Enhanced urban heat island effect at night, which prevents sufficient air cooling in 
urban areas during heat waves (Mills 2004; Kovats and Hajat 2008; Fischer et al. 2012), has 
often been mentioned as the main reason for differences in the magnitude of urban and 
rural heat stress. The average temperature in Prague is 2 °C higher in comparison with that 
in southern Bohemia, and the values of temperature percentiles determining warm and cold 
days are also about 2 °C higher in Prague (cf. Table 2.3). The lower average altitude and 
urban heat island effect (Beranová and Huth 2005) are possible reasons for the differences. 
These factors can diminish the cold stress and heighten the heat effect on human health in 
urban conditions for the city of Prague. This also suggests that the CVD mortality response is 
related more to absolute threshold temperature than to relative thresholds in percentiles.  
Moreover, in addition to the air temperature and other meteorological variables 
modified by altered water and energy balance of the urban heat island (Holmer and Eliasson 
1999; Arnfield 2003; Kuttler et al. 2007; Mills 2007; Trusilova et al. 2008; Fischer et al. 
2012), air pollution has a considerable impact on human health. Especially high 
concentrations of particulate matter (PM), NOx, CO and O3 have been reported to have 
adverse effect on patients with CVDs (Maitre et al. 2006). A study in Germany found that air 
quality was mostly determined by the level of PM10 concentration (Junk et al. 2003). Long-
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term exposure to ambient PM, in particular, can considerably accelerate the development of 
atherosclerosis and other chronic diseases of the veins and heart (Brook et al. 2004; Chen 
and Goldberg 2009; Kaufman 2010; Chuang et al. 2011). Short-term changes in the 
concentration of air pollution may also heighten the risk of a cardiovascular event (Brook et 
al. 2004). Short-term pollution changes are influenced by weather conditions, however, and 
in several studies cardiovascular events were found to be linked more significantly with 
extreme temperature than air pollution (Keatinge and Donaldson 2001; Basu and Samet 
2002; Filleul et al. 2006; Vaneckova et al. 2011). 
Long-term exposure to air pollution may be the cause of the particularly high heat-
related mortality from atherosclerosis in Prague (+21% excess deaths on warm days). The 
urban heat island effect and faster atherosclerosis development due to the long-term 
exposure to air pollution might be important factors contributing to the regional differences 
in heat-related mortality. 
Socioeconomic factors 
Some studies in the U.S. have not found higher proportions of heat-related deaths in 
urban vs. rural areas (e.g., Sheridan and Dolney 2003 in Ohio; Hattis et al. 2012 in 
Massachusetts). In the Massachusetts study, Hattis et al. (2012) found the highest rate of 
heat-related mortality in the most populated areas, but significant influence of demographic 
characteristics (such as age composition and representation of African-American ethnicity) 
on mortality rate was a more important factor than the rate of urbanization itself. Moreover, 
heat-related mortality in U.S. cities is probably reduced by the protective effect of air 
conditioning (Medina-Ramón and Schwartz 2007) which, particularly in cities (Sheridan and 
Dolney 2003), is much more widespread in American households than in Europe 
(Henderson 2005). Many other socioeconomic factors, such as lifestyle differences, 
occupation, economic status, and quality of health care (Clark et al. 2007), may contribute to 
the differences in mortality under urban vs. rural conditions. In addition to the reduced cold 
stress in winter due to the warming effect of the urban heat island, the lower vulnerability of 
the Prague population to low temperatures can be attributed to the different lifestyle (less 
time spent outdoors, especially among pensioners; Aylin et al. 2001; Rudge and Gilchrist 
2005). More pronounced cold effect and differences in regimen (such as diet and smoking, 
which may in turn be associated with such other factors as education and economic status; 
Bobak et al., 1999) might be the reason for generally higher cold-related mortality for MI in 
the population of southern Bohemia (Tanis 2003; Bayentin et al. 2010).  
The excess deaths associated with direct exposure to cold may partly be those of 
homeless people, who are particularly vulnerable to cold. The numbers of homeless people 
were formerly relatively small in the Czech Republic compared to western European 
countries, but their numbers began to increase towards the end of the examined period 
(Kyselý et al. 2011). In the Czech Republic, homeless people are concentrated especially in 
the city of Prague. In 2004, it is estimated that about 3,000 homeless people (86% of whom 
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were men and 72% in the age group of 25–60 years; Mikeszová 2010) lived there. Estimates 
as to the numbers of homeless people are much smaller in other Czech cities. Statistics for 
deaths of homeless people in the Czech population are incomplete and available only from 
2000. During 2000–2007, these include 40 reported deaths of homeless persons in Prague 
and 3 in southern Bohemia, among which CVDs were the primary cause of death in 28 and 1 
cases, respectively. However, none of these occurred on cold days in either Prague or 
southern Bohemia over the 8-year period for which the data are available. This suggests that 
deaths of homeless people do not significantly affect our results for CVD mortality.  
2.4.3 Differences among individual CVDs 
The results revealed differences in warm and cold effect on individual CVDs that deserve 
further investigation. Figure 2.2 shows higher vulnerability to chronic CVDs such 
as atherosclerosis and chronic IHD on warm days and, by contrast, higher risk of death from 
myocardial infarction (MI) on cold days. These differences may be interpreted 
as consequences of different physiological processes on the circulatory system due to heat 
vs. cold stress.  
Exposure to heat could increase platelet and red blood cell count, blood viscosity, serum 
cholesterol levels and cardiac output, thus leading to dehydration, hypotension and 
endothelial cell damage (Cheng and Su 2010). Therefore, high temperature might aggravate 
coronary or peripheral arterial illness. Dehydration, overheating and exhaustion, especially 
among (older) people with reduced thermoregulation ability due to chronic diseases (such 
as atherosclerosis) can lead to increased heat-related hospital admissions (Semenza et al. 
1999) or to heat-related deaths (Basu and Samet 2002; Mercer 2002) from atherosclerosis 
or chronic IHD, as observed in both regions.  
Cold stress is associated with increased blood pressure and platelet aggregation; 
heightened vasoconstriction; increased blood viscosity and levels of red blood cell count, 
plasma cholesterol and plasma fibrinogen; and greater hemoconcentration, all of which 
could contribute to thrombosis (The Eurowinter Group 1997; Cheng and Su 2010; Abrignani 
et al. 2011). Physical activity during cold weather can bring a clot to the heart and cause 
myocardial infarction (Schwartz et al. 2004). These mechanisms may be possible reasons for 
significant excess mortality due to MI on cold days. 
In cases of cerebral or coronary atherosclerosis, increased physical stress caused by 
heat- as well as cold-related increase in blood pressure and vasoconstriction may lead to 
cerebral or myocardial infarction (Cheng and Su 2010). Various types of stroke are 
influenced by the diversity of aforementioned physiological mechanisms and can increase 
heat- as well as cold-related stroke mortality and morbidity (Feigin et al. 2000; Kyobutungi 
et al. 2005; Dawson et al. 2008; Wang et al. 2009; Green et al. 2010). In our study, however, 




The present study evaluated for the first time two sorts of differences in heat and cold 
stress effects on a central European population, namely differences between an urban 
(Prague) and a rural (southern Bohemia) region, as well as between CVD mortality and 
morbidity. It considered in detail diverse cardiovascular disorders. This brings new insight 
into which parts of the population are vulnerable and which physiological mechanisms may 
be responsible for heat- and cold-related excess deaths. 
The main findings of the study are as follow: 
- Generally higher relative excess CVD mortality was identified on warm days than on cold 
days. Heat effects on mortality were significant also in the rural region. We did not find 
clear differences in heat and cold effects on CVD mortality between the two examined 
regions, except for higher heat-related mortality due to atherosclerosis in Prague and 
higher cold-related mortality due to myocardial infarction in southern Bohemia. 
- While heat stress increases mortality especially due to chronic CVDs (atherosclerosis, 
chronic IHD), the effects of cold stress are most pronounced on acute CVDs (myocardial 
infarction). The different responses of individual CVDs to heat and cold stress represent 
an important finding that needs to be confirmed or adjusted for other populations, and it 
may be useful for issuing better-targeted heat- and cold-stress alerts.  
- In contrast to mortality, insignificant excess hospital admissions for CVDs were observed 
on both warm and cold days. This may reflect the considerable number of people who 
die from acute CVDs before they can be admitted to the hospital, another primary cause 
for hospital admission (heat stroke, dehydration), or an increase in emergency visits 
in relation to less-severe incidents, which might account in part for the effect of 
temperature on morbidity. 
The results on regional differences in population vulnerability between Prague and 
southern Bohemia indicate possible influence of both environmental (urban heat island 
effect and generally warmer climate of Prague, prolonged exposure to air pollution) and 
socioeconomic (such as different lifestyle and different population structure) factors. This 
should be taken into account when designing early warning systems as well as other 
measures toward preventing negative heat- and cold-stress effects on public health. The 
vulnerability needs to be further elaborated by examining spatial patterns of heat- and cold-
related mortality in relation to environmental and socioeconomic patterns, a topic which 
has acquired increasing importance in recent years (Vescovi et al. 2005; Lougnan et al. 
2008; Bayentin et al. 2010; Hattis et al. 2012). 
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Abstract: We compare the recently developed Universal Thermal Climate Index (UTCI) with 
other thermal indices in analysing heat- and cold-related effects on cardiovascular (CVD) 
mortality in two different (urban and rural) regions in the Czech Republic during the 16-
year period of 1994–2009. Excess mortality is represented by the number of deaths above 
expected daily values, the latter being adjusted for long-term changes, annual and weekly 
cycles, and epidemics of influenza/acute respiratory infections. Air temperature, UTCI, 
Apparent Temperature (AT) and Physiologically Equivalent Temperature (PET) are applied 
to identify days with heat and cold stress. We found similar heat effects on CVD mortality for 
air temperature and the examined thermal indices. Responses of CVD mortality to cold 
effects as characterised by different indices were much more varied. Particularly important 
is the finding that air temperature provides a weak cold effect in comparison with the 
thermal indices in both regions, so its application – still widespread in epidemiological 
studies – may underestimate the magnitude of cold-related mortality. These findings are 
important when possible climate change effects on heat- and cold-related mortality are 
estimated. AT and PET appear to be more universal predictors of heat- and cold- related 
mortality than UTCI when both urban and rural environments are of concern. UTCI tends to 
select windy rather than freezing days in winter, though these show little effect on mortality 
in the urban population. By contrast, significant cold-related mortality in the rural region if 
UTCI is used shows potential for UTCI to become a useful tool in cold exposure assessments.  
Keywords: UTCI; human thermal comfort; mortality; cardiovascular diseases; heat stress; 
cold stress 
3.1  Introduction 
An adverse effect of heat and cold stress on mortality due to cardiovascular diseases has 
been reported in many studies (Cheng and Su 2010). Most of these employed air 
temperature or another simple measure of equivalent temperature (empirical indices) 
including effects of air temperature, humidity and/or wind speed (apparent temperature, 
heat index etc.; Basu 2009). Human thermal comfort is an outcome of energy balance 
between the human body surface and the environment, and it is influenced by human 
physiology, psychology and behaviour (McGregor 2011; Jendritzky et al. 2012). Not all of 
these factors are well characterized by empirical indices, which, therefore, are unable to 
serve all human-biometeorological applications (e.g. public weather service, public health 
system, urban and regional planning, climate impact in the health sector) across all climatic 
zones, regions and seasons (Jendritzky et al. 2012). 
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Human thermal comfort models, on the other hand, consider in addition to atmospheric 
parameters (air temperature, water vapour pressure, wind speed and mean radiant 
temperature (Kántor and Unger 2011) complex metabolic processes including physical 
activity level and clothing insulation (Jendritzky et al. 2012). Human thermal comfort 
indices such as Physiologically Equivalent Temperature (PET; Mayer and Höppe 1987; 
Höppe 1999; Matzarakis et al. 1999) based on the Munich Energy–Balance Model for 
Individuals (MEMI) and the Klima–Michel model with Perceived Temperature (PT) as the 
equivalent temperature (Jendritzky 2000; Staiger et al. 2012) have been commonly used in 
human-biometeorological assessments during the last decade (Laschewski et al. 2002; 
Matzarakis et al. 2010a; Burkart et al. 2011a; Gabriel and Endlicher 2011; Kim et al. 2011; 
Nastos and Matzarakis 2011). One of the most advanced models based on the latest progress 
in all associated disciplines (thermal physiology, occupational medicine, physics, 
meteorology, as well as biometeorological and environmental sciences) is the Fiala multi-
node model of human thermoregulation (Fiala et al. 2012) with a derived equivalent 
temperature Universal Thermal Climate Index (UTCI). It has been developed in order to 
create a standard measure for outdoor thermal conditions suitable in all major fields of 
human biometeorology (Jendritzky et al. 2012; www.utci.org). The Fiala 
thermophysiological model is coupled with a clothing model which defines in detail the 
effect of clothing insulation for each of the body segments over a wide range of climatic 
conditions (Havenith et al. 2012). UTCI, in comparison with other indices, is more sensitive 
to even slight changes in temperature, solar radiation, humidity and wind speed and 
describes better various climatic conditions, which might be an opportunity for more 
appropriate human-biometeorological assessments (Błażejczyk et al. 2012).  
Błażejczyk et al. (2012) compared UTCI with other indices using meteorological data. 
Only a few studies, however, have evaluated how UTCI performs compared to other indices 
in assessing epidemiological outcomes (Burkart et al. 2011a; Nastos and Matzarakis 2011), 
and their results have been unconvincing. Indeed, no significant predictive advantage for 
any thermal index (including UTCI) over the use of air temperature has been observed. Both 
aforementioned studies were carried out in a warm climate (Bangladesh and Greece), and 
there have been no studies comparing the applicability of various human thermal comfort 
indices for studying heat- and cold-related mortality in populations living under temperate 
climatic conditions (such as central Europe). 
Recent epidemiological data available in the Czech Republic allow for more detailed 
study of heat and cold stress impacts on individual cardiovascular (CVD) diagnoses (groups 
of diagnoses) and enable the study of regional differences within the country. This paper 
resumes our earlier research (Urban et al. 2014) and investigates differences in heat- and 
cold-related cardiovascular mortality evaluated in terms of different thermal indices in an 
urban and a rural region in the Czech Republic. In the context of a complex thermal 
environment, we compared UTCI with other thermal indices and with air temperature for 
their abilities to identify days with adverse thermal conditions for persons with 
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cardiovascular diseases. A special focus was given to differences in the performance of 
various indices under cold stress conditions due to the effect of wind.  
3.2 Data and Methods 
Daily data on mortality due to CVDs (codes I00–I99 according to the International 
Statistical Classification of Diseases, 10th Revision [ICD–10]), covering the period 1994–
2009, were provided by the Czech Statistical Office (CZSO) and the Institute of Health 
Information and Statistics (IHIS). The data were sorted according to the primary cause of 
death (Table 3.1) and region of residence. Two regions with different characteristics – the 
city of Prague (1.25 million inhabitants) and the southern Bohemian region (1.15 million 
inhabitants) – were defined as urban and rural regions in accordance with the OECD’s 
international definition (Spiezia 2003; Blatecká 2006). OECD’s terminology (Spiezia 2003) 
defines a rural region as one in which at least 37.5% of inhabitants live in municipalities 
with population density less than 150 inhabitants per 1 km2. In accordance with this 
definition, the two regional administrative units in the Czech Republic with the largest 
proportions of rural population are the South Bohemia Region (Jihočeský kraj, 46.8%) and 
the adjoining Highlands Region (Kraj Vysočina, 51.9%) (Blatecká 2006). Together, these 
constitute a contiguous geographic region (southern Bohemia; Figure 3.1) with population 
size and structure similar to Prague, but only 36% of inhabitants live in municipalities with 
population above 10,000 (CZSO 2012). More details about the population under study are 
given in (Urban et al. 2014). 
An indirect standardization procedure, analogous to that in (Whitman et al. 1997; 
Smoyer et al. 2000), was used to adjust mortality data for long-term changes, as well as 
seasonal and weekly variations. The expected number of deaths for every day of the 
examined period M0(y,d) for year y (y = 1994, ... 2009) and day d (d = 1, ... 365) was 
determined according to the formula 
d).Y(y)(d).W(y,Md)(y,M 00   
In the equation, M0(d) denotes the mean daily mortality on day d in a year (computed 
from the mean annual cycle over 1994–2009). In view of known relationships between 
influenza/acute respiratory infections (ARI) and CVD mortality (Kynčl et al. 2005; Kyselý et 
al. 2009), 169 winter days during 6 epidemics were omitted from the analysis (before 
calculating the mean annual cycle) in order not to confound results (see also Urban et al. 
2014). W(y,d) is a correction factor for the observed weekly cycle of mortality, calculated 
separately for individual days of the week and defined as the ratio of the mean mortality on 
a given day to the overall mean mortality, and Y(y) is a correction factor for the observed 
year-to-year changes in mortality, defined as the ratio of the number of deaths in year y to 
the mean annual number of deaths during the analyzed period. The correction factors for 
the weekly cycle W(y,d) and the year-to-year changes Y(y) were calculated over the April–
November period when epidemics of influenza/ARI did not occur. When calculating W(y,d), 
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all public holidays were excluded, too. An output of the standardization procedure is an 
expected number of deaths for every day of the examined period (baseline mortality), and 
deviations of observed and expected mortality determine excess mortality. Relative 
deviations (in %) from the baseline mortality are presented in results.  
Table 3.1 Examined diagnoses according to the International Statistical Classification of 
Diseases (ICD–10) coding and abbreviations used. 
ICD–10 code Abbreviation Diagnosis 
I00–I99 CVD cardiovascular disease  
I20–I25 IHD ischemic heart disease  
I60–I69 CD cerebrovascular disease  
I21–I22 MI myocardial infarction (acute and subsequent) 
I25 CIHD chronic ischemic heart disease  
I70 ASVD atherosclerosis – atherosclerotic vascular disease  
Because of the need for more input variables, different meteorological datasets were 
used in comparison to those from our previous study (Gabriel and Endlicher 2011). Data on 
air temperature (T, in °C), wind speed at 10 m above surface (v10, m∙s−1), relative humidity 
(RH, %) and cloudiness (C, octas) from the Prague–Ruzyně (airport) station and three 
southern Bohemian stations (České Budějovice, Kostelní Myslová, Přibyslav), were obtained 
from the Czech Hydrometeorological Institute (CHMI; Figure 3.1). All stations measured 3 
times daily in standard climatic terms (7:00, 14:00 and 21:00 local time) and covered the 
same period of 1994–2009. 
 
Figure 3.1 Study areas. Red triangles show meteorological stations used. 
The heat budget-based indices – PET and UTCI – were calculated from air temperature, 
relative humidity, wind speed, and mean radiant temperature (Tmrt) that was modelled as a 
function of air temperature and cloudiness, in the RayMan Pro model (Version 2.1) 
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(Matzarakis et al. 2007; Matzarakis et al. 2010b). For the calculation of PET, it is necessary 
to consider meteorological input parameters important for the human energy balance at a 
height relevant for human-biometeorological assessment (Mayer and Höppe 1987; Höppe 
1999). Therefore, the wind speed was recalculated to the height of 1.1 m above surface, 
using Hellmann exponential law (Bañuelos-Ruedas and Camacho 2011): 
 
where v is the wind speed at height H = 1.1 m, v10 is the wind speed at height H10 = 10 m, 
and α is the friction coefficient (Hellman exponent). We used α=0.40 for the urban area 
(Prague) and α = 0.30 for the rural area according to Table 3.1 in (Bañuelos-Ruedas and 
Camacho 2011). PET is then defined as an equivalent temperature in a typical indoor setting 
(without wind and solar radiation) at which the energy balance of the sitting reference 
person (with the same core and skin temperature) is equal to that under the actual outdoor 
conditions to be assessed (Höppe 1999). We note that the reference height at which wind 
speed is considered when calculating PET is important for the PET values but has little 
influence on the selection of warm/cold days (above/below the 90%/10% quantile) in our 
study, as the samples of warm and cold days were very similar if PET was calculated from 
wind speed at 10-m height. 
UTCI is an equivalent temperature defined for a walking person (4 km/h) with adaptive 
clothing (Havenith et al. 2012) in referent outdoor conditions with 50% relative humidity, 
still air, and Tmrt equalling air temperature (Jendritzky et al. 2012). Wind speed at 10-m 
height is used for the UTCI calculation (by definition) (Bröde et al. 2012). Apparent 
Temperature (AT) is the temperature at the reference humidity level requiring the same 
thermal resistance of a walking adult as that experienced under the current ambient 
temperature, humidity, wind and solar radiation (Steadman 1984). The Steadman’s “non-
radiation” formula (Steadman 1984; Steadman 1994) was used for the AT calculation: AT = 
T + 0.33∙vp − 0.7∙ v10 − 4.0. Since it includes in addition to vapour pressure (vp) also the 
“wind chill” effect of wind speed (v10), AT is applicable in a wide range of temperatures. 
Vapour pressure values were calculated from air temperature and humidity in the RayMan 
Pro model. All indices were computed separately for every station at each observation time 
(7:00, 14:00 and 21:00 local time) and then averaged to obtain mean daily values. 
Days with mean (equivalent) temperature (T, AT, PET, and UTCI) above/below the 
90%/10% quantile of the empirical distribution in summer (June–August)/winter 
(December–February) seasons over 1994–2009 were defined as warm/cold days. Use of the 
percentile method (unlike determining an exact temperature threshold) allows for 
examining approximately the same sample sizes in different regions and at both 
temperature extremes. This method has commonly been used for regional comparison of 
heat and cold impact on human health (Hajat et al. 2007; Medina-Ramón and Schwartz 
2007; Gómez-Acebo et al. 2010; Gabriel and Endlicher et al. 2011). Because some winter 
days were omitted due to influenza/ARI epidemics, and also because winter seasons 
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(usually 90 days) are shorter than summer seasons (92 days), the examined samples of cold 
days are slightly smaller than those of warm days. 
Summed and averaged deviations from the expected values of mortality over all 
warm/cold days (D0) and one day thereafter (D+1, to capture basic lagged effects) were 
calculated. In the case of consecutive warm/cold days, only D0 values were included into the 
calculation so that no day is counted twice. The deviations’ significance was evaluated using 
95% confidence intervals (CI), calculated using the limit factors for a Poisson-distributed 
variable according to (Schoenberg 1983). When the number of cases was larger than 100, 
the normal approximation was used.  
3.3 Results  
On warm days in both regions, excess mortality tends to be highest when AT is used to 
determine those days (Figure 3.2). This holds true for all examined groups of diagnoses 
except for atherosclerosis (ASVD) (Table 3.2). We found similar urban–rural differences for 
all indices, with slightly higher mortality deviations in the urban region. This pattern holds 
true also for most examined groups of diagnoses. 
 
Figure 3.2 Mean relative excess CVD mortality (% above the expected value) for warm 
and cold days as determined by individual indices in the urban versus rural region. Error 




Table 3.2 Relative excess cardiovascular mortality with 95% CI (in parentheses) on 
warm days, defined as days with average (equivalent) temperature above the 90% 
quantile of the empirical distribution (≥ °C), in Prague and southern Bohemia over 1994–
2009. Values significantly different from zero are highlighted in bold. 
Urban region (Prague) 
Thermal index/ 
Diagnosis 
UTCI (≥ 22.0 °C) 
  
PET (≥ 19.2 °C) 
  
AT (≥ 22.0 °C) 
  
T (≥ 22.5 °C) 
  
CVD  11.8 (8.6; 15.2) 11.5 (8.2; 14.8) 12.6 (9.4; 16.0) 10.8 (7.5; 14.1) 
IHD  7.8 (2.9; 13.0) 8.0 (3.0; 13.2) 8.7 (3.7; 13.9) 7.0 (2.1; 12.2) 
CD  11.6 (5.4; 18.2) 9.5 (3.3; 16.1) 13.0 (6.7; 19.7) 10.0 (3.8; 16.6) 
MI  −0.8 (−8.8; 7.9) 1.5 (−6.6; 10.4) −0.2 (−8.2; 8.5) −1.6 (−9.6; 7.1) 
CIHD  12.0 (5.8; 18.6) 10.9 (4.7; 17.5) 13.0 (6.8; 19.7) 10.9 (4.7; 17.4) 
ASVD  17.6 (10.0; 25.7) 18.5 (10.9; 26.6) 18.5 (10.9; 26.5) 19.4 (11.6; 27.7) 
  
Rural region (southern Bohemia) 
Thermal index/ 
Diagnosis  
UTCI (≥ 21.9 °C)  
 
PET (≥ 18.0 °C)  
 
AT (≥ 21.7 °C)  
 
T (≥ 22.0 °C)  
 
CVD  8.5 (5.1; 12.1) 8.7 (5.2; 12.3) 10.1 (6.6; 13.7) 8.4 (4.9; 12.0) 
IHD  6.9 (2.0; 12.0) 7.3 (2.3; 12.5) 7.9 (2.9; 13.2) 7.2 (2.2; 12.5) 
CD  11.4 (5.0; 18.3) 10.3 (3.8; 17.2) 13.5 (6.9; 20.6) 7.9 (1.3; 14.8) 
MI  1.6 (−5.6; 9.4) 1.2 (−6.1; 9.1) 2.0 (−5.4; 9.9) 3.6 (−3.9; 11.8) 
CIHD  11.4 (4.8; 18.4) 11.9 (5.2; 19.0) 12.4 (5.6; 19.5) 10.2 (3.5; 17.4) 
ASVD  9.8 (0.4; 20.2) 10.9 (1.4; 21.3) 11.2 (1.5; 21.8) 14.9 (5.0; 25.6) 
All indices fit well with one another in summer (Table 3.3, Figure 3.3). PET and AT fit 
equally well with UTCI (the coefficient of determination [r2] is around 0.93, and there are 
about 83% warm days in common for these pairs of indices in both regions), although the 
AT calculation does not include the effect of Tmrt. The relationship between air temperature 
and UTCI is weaker (about 75% warm days in common). The average Tmrt values were very 
similar for all indices on warm days, however, and the other input meteorological variables 
(T, v10, RH, C) also showed few differences in the two regions (Table 3.4).  
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Table 3.3 Coefficients of determination (r2) for linear relationships between mean daily 
UTCI, PET, AT, and T in the urban versus rural region in summer (JJA) and winter (DJF) 
seasons. [%] denotes percentages of warm (cold) days in common in summer (winter) 
during 1994–2009. 
  Urban JJA 
 r2   [%] 
Urban DJF 
 r2   [%] 
Rural JJA 
 r2   [%] 
Rural DJF 
 r2  [%] 
T~UTCI  0.83  73  0.23  31  0.86  77  0.52  45  
PET~UTCI  0.91  82 0.41  39  0.92  82  0.68  59  
AT~UTCI  0.93  83  0.56  45  0.94  84  0.75  62  
T~AT  0.94  79  0.88  86  0.95  84  0.94  81  
AT~PET  0.98  82  0.95  91  0.98  87 0.98  91  
T~PET  0.96  84  0.95  88  0.95  87  0.96  80  
 
 
Figure 3.3 Linear regression between mean daily UTCI, PET, AT, and T in the urban 






Table 3.4 Average values of (equivalent) temperature indices and input meteorological 
variables on warm days identified by individual indices in urban versus rural region. 
Urban region UTCI (°C) PET (°C) AT (°C) T (°C) Tmrt (°C) v10 (m∙s−1) RH (%) C (octas) 
UTCI 23.9 20.8 23.7 23.8 29.7 2.3 59 3.7 
PET 23.7 21.0 23.7 24.0 29.8 2.6 58 3.9 
AT 23.8 20.8 23.8 24.0 29.6 2.5 60 3.5 
T 23.4 20.8 23.5 24.2 29.8 2.9 56 3.3 
   
Rural region UTCI (°C) PET (°C) AT (°C) T (°C) Tmrt (°C) v10 (m∙s−1) RH (%) C (octas) 
UTCI 23.4 19.3 23.2 23.2 28.8 2.2 62 2.6 
PET 23.2 19.4 23.2 23.3 28.7 2.4 61 2.6 
AT 23.3 19.4 23.3 23.3 28.6 2.4 63 2.5 
T 23.1 19.3 23.2 23.5 28.9 2.6 60 2.4 
On cold days, by contrast, we found no general pattern of higher excess mortality for any 
index (Figure 3.2) and the results depend on region and diagnosis (Table 3.5). The urban–
rural differences in cold-related mortality for individual indices are much less consistent 
compared to heat-related mortality. While mean excess mortality is comparable 
(predominantly insignificant differences) for PET, AT and T in Prague, it is higher and 
mostly significant for UTCI and AT in southern Bohemia. In particular, UTCI indicates 
substantial difference between no cold effect (−0.1%, 95% confidence interval (CI) −3.1 to 
3.0%) on CVD mortality in Prague but significant 6.8% (3.5% to 10.3%) excess mortality in 
southern Bohemia, a pattern that is not found for any other index.  
UTCI correlates weakly with the other indices and air temperature in winter (Table 3.3, 
Figure 3.4), while PET and AT are much more strongly linked to air temperature. Moreover, 
little consensus in the selection of cold days between UTCI and the other indices was found 
in the two regions. In Prague, only 31% of cold days were common for air temperature and 
UTCI, and the r2 for all winter daily values of T and UTCI was just 0.23. 
Examining specific diagnoses and groups of diagnoses, the general pattern of heat-
related mortality was associated primarily with chronic CVDs (atherosclerosis [ASVD], 
chronic ischemic heart disease [CIHD]) while the highest cold-related mortality from acute 
myocardial infarction (MI) observed in both regions and for all indices was in agreement 
with our previous study based on air temperature only (Urban et al. 2014). However, while 
the heat-related mortality deviations show a similar pattern of differences between 
individual diagnoses (with the largest deviations for ASVD and the lowest for ischemic heart 
disease [IHD] and MI) for all indices (Table 3.2), the differences in excess mortality for 
individual groups of diagnoses on cold days are much less consistent (Table 3.5). UTCI and 
AT indicate significant (p = 0.05) excess mortality in the rural region also for both main 
subgroups of CVDs (IHD and cerebrovascular disease [CD]). This is in contrast with the 
results for air temperature, in relation to which excess cold-related mortality is very small in 
both regions and all diagnoses, except for MI. 
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Table 3.5 Relative excess cardiovascular mortality with 95% CI (in parentheses) on cold 
days, defined as days with average (equivalent) temperature above the 90% quantile of 
the empirical distribution (≤ °C), in Prague and southern Bohemia over 1994–2009. 
Values significantly different from zero are highlighted in bold. 
Urban region (Prague) 
Thermal index/ 
Diagnosis 
UTCI (≤ −21.5 °C) 
  
PET (≤ −12.9 °C) 
  
AT (≤ −12.1 °C) 
  
T (≤ −6.5 °C)  
 
CVD  −0.1 (−3.1; 3.0) 3.4 (0.1; 6.8) 2.4 (−0.8; 5.7) 2.4 (−0.9; 5.8) 
IHD  −0.6 (−5.4; 4.3) 3.9 (−1.4; 9.4) 3.8 (−1.3; 9.3) 2.1 (−3.1; 7.6) 
CD  0.9 (−5.0; 7.2) 4.6 (−2.0; 11.5) 4.1 (−2.3; 11.0) 4.6 (−2.0; 11.6) 
MI  4.5 (−3.6; 13.3) 10.6 (1.3; 20.7) 10.5 (1.4; 20.4) 7.1 (−2.1; 17.1) 
CIHD  −3.1 (−8.9; 3.0) 0.6 (−5.7; 7.3) 0.5 (−5.8; 7.1) −0.3 (−6.7; 6.5) 
ASVD  1.7 (−4.7; 8.5) 3.6 (−3.4; 11.1) 1.4 (−5.2; 8.5) 2.8 (−4.0; 10.1) 
  
Rural region (southern Bohemia) 
Thermal index/ 
Diagnosis 
UTCI (≤ −19.9 °C)  
 
PET (≤ −13.5 °C) 
  
AT (≤ −12.4 °C) 
  
T (≤ −7.3 °C) 
  
CVD  6.8 (3.5; 10.3) 3.7 (0.3; 7.3) 5.1 (1.6; 8.7) 1.6 (−1.9; 5.2) 
IHD  8.3 (3.4; 13.5) 3.3 (−1.8; 8.5) 5.7 (0.6; 11.1) 2.0 (−3.1; 7.4) 
CD  10.7 (4.4; 17.3) 7.0 (0.5; 14.0) 8.0 (1.4; 15.1) 2.7 (−3.8; 9.5) 
MI  15.2 (7.4; 23.6) 12.6 (4.4; 21.4) 17.2 (8.8; 26.2) 10.6 (2.4; 19.5) 
CIHD  2.9 (−3.4; 9.6) −3.5 (−9.8; 3.2) −2.7 (−9.1; 4.2) −4.3 (−10.7; 2.6) 
ASVD  −1.5 (−10.3; 8.2) −1.4 (−10.7; 8.8) −1.7 (−11.1; 8.7) 1.5 (−7.9; 11.9) 
 
Figure 3.4 Linear regression between mean daily UTCI, PET, AT, and T in the urban 






In this study, we tested the extent to which UTCI, other thermal indices (PET, AT), and 
air temperature are able to identify days with adverse thermal conditions for persons with 
cardiovascular diseases (CVD). While similar heat effects for air temperature and thermal 
indices on cardiovascular (CVD) mortality were found in both urban and rural region of the 
Czech Republic, we observed no general pattern of higher excess mortality for any index on 
cold days and the urban–rural differences in cold-related mortality were much less 
consistent compared to heat-related mortality. In particular, UTCI indicates substantial 
difference between no cold effect on CVD mortality in Prague but significant excess 
mortality in southern Bohemia. 
The different cold effects of air temperature and thermal indices are related to the 
different samples of cold days for individual indices (Table 3.6). The enhanced cooling effect 
of wind involved in the UTCI calculation (Błażejczyk et al. 2012) is probably the main reason 
for this dissimilarity. While the average wind speed at Prague-Ruzyně airport on cold days is 
approximately twice as high for UTCI (7.2 m∙s−1) in comparison to the other indices (2.6–3.4 
m∙s−1), average air temperature is higher as well (−4.4 °C versus −9.3 to −9.6 °C; Table 3.6). 
Also the other meteorological variables, in particular Tmrt, show substantially different 
average values on cold days as defined by UTCI in comparison to those defined by the other 
indices. A similar pattern exists in the rural area.  
Table 3.6 Average values of (equivalent) temperature indices and input meteorological 
variables on cold days identified by individual indices in urban versus rural region. 
Urban region UTCI (°C) PET (°C) AT (°C) T (°C) Tmrt (°C) v10 (m∙s−1) RH (%) C (octas) 
UTCI −25.5 −11.5 −12.2 −4.4 −9.0 7.2 81 5.7 
PET −20.9 −15.7 −14.7 −9.3 −16.3 3.2 83 4.0 
AT −21.4 −15.6 −14.8 −9.3 −16.0 3.4 83 4.3 
T −19.3 −15.5 −14.6 −9.6 −16.3 2.6 84 4.3 
        
Rural region UTCI (°C) PET (°C) AT (°C) T (°C) Tmrt (°C) v10 (m∙s−1) RH (%) C (octas) 
UTCI −24.4 −14.1 −13.6 −6.8 −12.1 5.5 82 5.5 
PET −21.8 −16.1 −15.0 −9.4 −15.9 3.5 82 4.2 
AT −22.2 −16.0 −15.1 −9.4 −15.7 3.7 82 4.4 
T −19.6 −15.8 −14.7 −9.6 −16.3 2.8 82 3.9 
The rapid fall in UTCI due to wind speed in cold weather has been documented by Novák 
(Novák 2013). UTCI selects windy rather than freezing days in winter, and these show little 
effect on excess mortality among the urban population that is well protected against wind. 
However, windy winter weather with not extremely low air temperatures (but still far 
below 0 °C) may be related to more snowfalls (Spreitzhofer 1999) and therefore to 
diminished accessibility of small villages in the rural region, where the cold effect on 
mortality is most pronounced as indicated by UTCI. An analysis of relationships between 
cold days and the snowfalls in the two regions may help to explain the observed pattern, as 
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there has been some evidence of a relationship between snowy weather and higher 
cardiovascular mortality (Kalkstein and Davis 1989). This relates, among other things, to 
physical exertion due to snow shovelling (Baker-Blocker 1982; Southern et al. 2006). 
Our results extend previous findings (Burkart et al. 2011a; Kim et al. 2011; Nastos and 
Matzarakis 2011; Vaneckova et al. 2011) that air temperature (T), as the most widely used 
proxy for ambient thermal conditions in environmental epidemiology (Basu 2009; Ye et al. 
2012), is a completely comparable tool to thermal indices in assessing heat-related 
mortality. However, insignificant (and substantially smaller compared to the other indices) 
cold-related mortality for T suggests that studies based on air temperature (including Urban 
et al. 2014) may be biased towards too-small estimates of cold effects. This finding is 
particularly important when the magnitude of changes in heat- and cold-related mortality 
associated with climate change in temperate regions is estimated (Gosling et al. 2009; 
Markandya and Chiabai 2009; Christidis et al. 2010).  
Large differences on cold days as determined by UTCI, with excess mortality in the rural 
region but no effect in the urban region, suggest that UTCI may be less universal than other 
indices when applied in bioclimatic and epidemiological analyses (in which “average” 
thermal conditions for a population are used) as opposed to small-scale biometeorological 
studies with more specific meteorological input data. However, an influence of complex 
biometeorological conditions on human thermal comfort is indisputable, and human 
thermal comfort indices represent the thermal environment better than do simple empirical 
indices when proper input data are available (Błażejczyk et al. 2012). Nevertheless, human 
thermal comfort indices refer to an “average” healthy person, while the population groups 
most affected by thermal stress are elderly, young children and persons with impaired 
thermoregulation due to poor physical and medical condition (Cheng and Su 2010; Basu 
2009; Mercer et al. 2002; Kenney and Munce 2003). According to Burkart et al. (2011a), the 
crucial question for the applicability of human thermal comfort indices to assessing 
epidemiological outcomes is the significance of the relationship between human health 
outcomes and the human heat balance. Moreover, the determination accuracy of human 
thermal comfort indices is affected by uncertainties in modelling mean radiant temperature 
(Tmrt). If all radiative fluxes are modelled based on synoptic observations (air temperature, 
air humidity, wind speed and cloudiness), the UTCI’s uncertainties, which are due to 
uncertainties of the four meteorological input variables, may be as much as 6 °C (Weihs et al. 
2012). This may cause inaccuracy in the thermal stress determination. 
In addition to the aforementioned uncertainties in modelling of Tmrt, some other 
limitations need to be mentioned. Lacking appropriate data, we did not take into account 
demographic, socioeconomic and other environmental factors (e.g., air pollution) which are 
significant modifiers of weather-related mortality and should be considered in future 
research (Iñiguez et al. 2010; Burkart et al. 2011b; Hattis et al. 2012). Another limitation of 
this study is the use of airport station data in the analysis for the urban region. The station is 
situated at the airport on the north-western edge of Prague, which is colder and windier 
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than the city centre, and hence the meteorological data may not be fully representative for 
the Prague population. Airport stations are often used in similar studies, however, and an 
analogous dataset from another Prague station was not available. Finally, since the lagged 
cold effect on mortality is still not wholly explained (Carder et al. 2005; Kyselý et al. 2009; 
Wichmann et al. 2011; Yu et al. 2012), we did not focus on analyzing lagged effects in this 
study. This issue needs to be elaborated in follow-up research.  
3.5 Conclusions 
We investigated the ability of UTCI and other thermal indices to identify discomfort days 
having adverse effects on patients with CVD in two regions of the Czech Republic. The 
results bring new insight to cold-related mortality assessment under temperate climatic 
conditions and to the applicability of thermal indices for estimating heat and cold effects in 
populations living in different environments (urban versus rural).  
While similar heat effects for air temperature and thermal indices were found in both 
regions, differences in cold effects between individual indicators were much larger. 
In particular, UTCI selects windy winter days over the most freezing ones. That results in 
a small effect on excess mortality in the urban population that is sheltered from the effects 
of wind and, by contrast, the largest effect (among the examined indices) on excess mortality 
in the rural population. These findings raise also a critical issue as to the representativeness 
of wind speed measurements (taken at 10 m height above the surface and strongly 
determined by local conditions at the measuring site) for estimating human thermal 
discomfort, particularly in winter. While air temperature seems to be an appropriate tool for 
heat-related mortality assessment, it appears to be unsuitable when effect of cold on 
epidemiological outcomes is considered, and thermal indices (PET, AT) yield higher and 
probably more realistic cold-related mortality. 
A universal indicator of human thermal comfort for various related disciplines 
(biometeorological forecasting, epidemiology, urban and regional planning, bioclimatic 
mapping, etc.) is desirable for easier comparison of results from different geographical areas 
and on different temporal and spatial scales. UTCI has the potential to become such a useful 
tool in human biometeorology (Błażejczyk et al. 2012; Jendritzky et al. 2012). However, AT 
(requiring only standard meteorological data) and PET appear to be more universal 
indicators in heat- and cold-related mortality assessments. Such findings need to be further 
investigated for other regions and populations, and they are important for determining the 
final procedure for cold exposure assessment within the UTCI calculation (Jendritzky et al. 
2012; Schitzer et al. 2012).  
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Abstract: The study examines spatial patterns of effects of high temperature extremes on 
cardiovascular mortality in the Czech Republic at a district level during 1994–2009. Daily 
baseline mortality for each district was determined using a single location-stratified 
generalized additive model. Mean relative deviations of mortality from the baseline were 
calculated on days exceeding the 90th percentile of mean daily temperature in summer, and 
they were correlated with selected demographic, socioeconomic, and physical-
environmental variables for the districts. Groups of districts with similar characteristics 
were identified according to socioeconomic status and urbanization level in order to provide 
a more general picture than possible on the district level. We evaluated lagged patterns of 
excess mortality after hot spell occurrences in: (i) urban areas vs. predominantly rural areas, 
and (ii) regions with different overall socioeconomic level. Our findings suggest that climatic 
conditions, altitude, and urbanization generally affect the spatial distribution of districts 
with the highest excess cardiovascular mortality, while socioeconomic status did not show a 
significant effect in the analysis across the Czech Republic as a whole. Only within deprived 
populations, socioeconomic status played a relevant role as well. After taking into account 
lagged effects of temperature on excess mortality, we found that the effect of hot spells was 
significant in highly urbanized regions, while most excess deaths in rural districts may be 
attributed to harvesting effects. 
Keywords: heat stress; mortality; socioeconomic status; spatial differences; cardiovascular 
disease 
4.1 Introduction 
Harmful effects of high atmospheric temperature on human health and lives have been 
documented in mid-latitudes (Basu 2009; Gosling et al. 2009a) as well as in tropical climates 
(Hajat and Kosatsky 2010; Burkart et al. 2014). Due to the rise in temperature with climate 
change, increased frequency and magnitude of extreme heat events are projected for the 
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21st century in comparison to recent climatic conditions (Gosling et al. 2009b; Ballester et 
al. 2009; IPCC 2014). Therefore, increased heat-related mortality is expected in future 
(Gosling et al 2009a; Huang et al. 2011). On the other hand, studies have documented 
declining impact of heat waves in developed countries due to behavioural and technological 
adaptation (Matzarakis et al. 2010; Kyselý and Plavcová 2011; Bobb et al. 2014), including 
more effective public warning and response (Toloo et al. 2013). Therefore, uncertainty in 
the projection of temperature-related mortality is still large (Gosling et al. 2009a; Huang et 
al. 2011; Gosling et al. 2012; Boeckamann and Rohn 2014). 
Young children, the elderly and persons in poor physical and medical condition (Mercer 
2002; Kenney and Munce 2003), and especially those with cardiovascular and respiratory 
diseases, are most affected by heat stress (McMichael et al. 2006; Basu 2009; Cheng and Su 
2010). In the Czech Republic, excess all-cause and cardiovascular mortality due to hot 
conditions have been observed in several studies that considered the population as a whole 
(Kyselý and Huth 2004; Kyselý and Kříž 2008). The elderly, women and people with chronic 
cardiovascular diseases (CVDs) were found to be the populations groups with the largest 
heat-related mortality (Kyselý et al. 2011; Davídkovová et al. 2014; Hanzlíková et al 2015). 
Many studies have investigated the effects of heat waves on urban populations, which 
are those most affected by heat-related mortality (Hajat 2007; Tan et al. 2010; Gabriel and 
Endlicher 2011). A higher percentage of elderly, socially deprived and isolated populations 
(people living alone, immigrants, ethnic minorities) have been identified as factors 
increasing heat-related mortality (Uejio et al. 2011; Hondula et al. 2012; Klein Rosenthal et 
al. 2014). In addition to socioeconomic factors, such land cover characteristics as the 
amount of impervious surface, green space, and unvegetated areas in the neighbourhood 
have been associated with increased heat vulnerability (Uejio et al. 2011; Reid et al. 2009; 
Reid et al. 2012; Bao et al. 2015) and heat-related mortality (Klein Rosenthal et al. 2014; Xu 
et al. 2013; Burkart et al. 2015). Heat stress has nevertheless been found to be a significant 
risk also for the rural population (Uejio et al. 2011; Sheridan et al. 2003; Maier et al. 2014; 
Kovach et al. 2015). Analyses in the Czech Republic have revealed comparably short-term 
response of cardiovascular mortality in both urban and rural population regardless of what 
temperature measure was used (Urban et al. 2014; Urban and Kyselý 2014). Spatial patterns 
in temperature-health relationships taking socioeconomic and environmental factors into 
account have not yet been investigated in the Czech Republic, however. 
During heat waves, excess mortality often occurs for several days which are then 
followed by a decrease of mortality rates to below expected levels (so-called “mortality 
displacement” or “harvesting”; (Huynen et al. 2001; Kyselý 2004; Gosling et al. 2007). 
Although magnitudes of the short-term mortality displacement have been observed to vary 
considerably among populations of different cities (Basu 2009; Gosling et al. 2007; Baccini 
et al. 2013; Saha et al. 2014; Zaninović and Matzarakis 2014), studies assessing spatial 
variability in heat-related mortality according to urban vs. rural and socioeconomic 
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differences in a specific geographic area do not usually address the harvesting issue 
(including Urban et al. 2014; Urban and Kyselý 2014). 
In this study, we investigate spatial as well as temporal patterns for the effects of high 
temperature extremes on cardiovascular mortality in the Czech Republic at a district level. 
Effects of demographic, socioeconomic, and physical–environmental factors on excess 
cardiovascular mortality in 76 administrative districts are identified. Groups of districts 
with similar characteristics are compared in order to provide a more general picture and to 
evaluate different temporal patterns of excess mortality after hot spell occurrence in (i) 
urban areas vs. predominantly rural areas, and (ii) regions with different overall 
socioeconomic level. 
4.2 Data and methods 
4.2.1 Study area 
The Czech Republic is a Central European country with a temperate climate and 
relatively varied landscape (Figure 4.1). Its approximately 10.2 million total inhabitants (as 
of 2001, with only minor changes during 1994–2009) are distributed into 77 districts 
(Nomenclature of Units for Territorial Statistics level 4 (NUTS 4) according to EUROSTAT 
(2015)), ranging from 42,000 inhabitants in the Jeseník District to about 1.2 million 
inhabitants in the capital city of Prague. While our mortality data start in 1994, the Jeseník 
District (CZ0711—Czech Statistical Office coding (CZSO 2004)) was established in 1996 by 
its separation from the Šumperk District. In order to retain homogeneity in mortality data, 
we considered Jeseník and Šumperk as a single district in our study (CZ0715). Thus, we 





Figure 4.1 Topography of the Czech Republic (Digital Elevation Model provided by 
ARCDATA PRAHA) and distribution of regular temperature grid points (GriSt data set as 
described in Kyselý and Plavcová 2010). 
4.2.2 Meteorological data 
We considered average daily temperature in each district as a proxy variable for ambient 
thermal conditions. For its calculation, we used a high-resolution regular temperature grid 
covering the whole of the Czech Republic (see Figure 4.1). The GriSt data set with resolution 
25 × 25 km is based on interpolated mean daily temperature data from irregularly spaced 
meteorological stations operated by the Czech Hydrometeorological Institute as described 
in Kyselý and Plavcová (2010). Such data were not available for other meteorological 
variables needed as inputs for calculating biometeorological indices (see Błażejczyk et al. 
2012). Every grid box provides information about mean daily temperature from 1 January 
1994 to 31 December 2009 and average altitude. Total population in each grid box in 2001 
was calculated from the Gridded Population of the World (v3) (GPW 2005). Finally, the 
average daily temperature in each district was calculated from grids falling into the district 
area weighted by population within these grids (Figure 4.2). Average altitude of grids falling 
into each district was calculated as well. Zonal statistics tools in QGIS Desktop 2.4.0 were 




Figure 4.2 Average summer temperature (June–August 1994–2009) in districts of the 
Czech Republic calculated from the GriSt data set. Districts are labelled according to the 
Czech Statistical Office coding (CZSO 2004). 
4.2.3 Mortality data 
We analysed daily mortality from cardiovascular diseases (CVDs; defined as codes I00–
I99 according to the International Statistical Classification of Diseases, 10th Revision [ICD-
10]) in each district during 1994–2009. Mortality from CVDs comprises more than 50% of 
total mortality in the Czech Republic with a total record of 930,659 deaths occurring during 
the study period (Davídkovová et al. 2013). As the population count and structure vary 
distinctly between districts, daily mortality rates were calculated by the direct 
standardization procedure, using the mid-year population of each district in the Czech 
Republic and the standard WHO European population as the standard (Ahmad et al. 2001). 
Daily baseline mortality for individual districts was determined using a single location-
stratified generalized additive model (“mgcv” package in R (version 2.15.2); Wood 2006). A 
spline function with seven degrees of freedom (df) per year (total df = 112) was used 
according to Bhaskaran et al. (2013), in order to take account for long-term trend and 
seasonality. Additional components taking account for the day of week and the district were 
defined by categorical variables. Mean relative deviations of mortality from the baseline 
(excess mortality) on days with average temperature above the 90th percentile (hot days) in 
summer seasons (June–August) 1994–2009 were calculated for all districts (DevCVD). The 
90th percentile instead of the 95th percentile was chosen because it yields larger sample 
size, which is beneficial for the analysis at district level. Statistical significance of mean 
relative deviations was evaluated by comparison with the 90% confidence bounds around 
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the zero line, estimated from the 5% and 95% quantiles of a distribution calculated by the 
Monte Carlo method (cf. Plavcová and Kyselý 2010). Spatial autocorrelation of mortality 
deviations on all summer days as well as on hot days was tested by Global Moran’s I criteria 
(Getis and Ord 1992) in ArcGIS 10 software. 
4.2.4 Analysis of spatial patterns of heat-related mortality 
We used demographic and socioeconomic characteristics from the Census 2001 database 
(provided by the Czech Statistical Office), land cover characteristics from the CORINE land 
cover 2000 database (the Czech Environmental Information Agency), and mean summer 
temperature (summer T) and mean altitude calculated from the GriSt data set in order to 
identify effects of demographic, socioeconomic, and physical–environmental factors on 
spatial differences in heat-related mortality. The selection of demographic and 
socioeconomic variables was based on a literature review (Reid et al. 2009; Vescovi et al. 
2005; Wichmann et al. 2011; Hattis et al. 2012; Harlan et al. 2013) and adapted with respect 
to the limitations of the Census database. We applied a modified population density variable 
according to the OECD’s international terminology (Spiezia 2003) (hereafter termed OECD 
criterion) which defines a level of urbanization by percentage of inhabitants living in 
municipalities with population density less than 150 inhabitants per 1 km2. An index of 
socioeconomic status (SES) for each district was calculated as a sum of z-scores for 3 factors 
of social deprivation related to elevated mortality in the Czech Republic (Šplíchalová et al. 
2007). Percentages of unemployed population (% unemployed), people without secondary 
school diploma (% low education), and single-person households (% singles) were included 
into the index. The final index is a dimensionless variable with a range between 2.66 
(highest SES) and −5.88 (lowest SES) across the districts in the Czech Republic. 
Land cover structure of each district was calculated using zonal statistics tools in QGIS 
Desktop 2.4.0. Percentage of impervious surface (% impervious) representing residential, 
industrial, commercial and transport areas was chosen similarly to other studies as a land 
cover variable enhancing heat stress (Uejio et al. 2011; Hondula et al 2012; Johnson et al. 
2012; Harlan et al. 2013; Klein Rosenthal et al. 2014; Maier et al. 2014; Kovach et al. 2015). 
The specific list of all variables used is presented in Table 4.1. Spearman’s correlation 
coefficients (and their p-values) of relationships between mean relative mortality deviations 
on hot days and independent variables were calculated using the “rcorr” function in the R 
package “Hmisc” (version 3.14-3) (Harrell et al. 2004). To check for multicollinearity 
between explanatory variables, we used variance inflation factors (VIFs) calculated in the 
ordinary least squares (OLS) regression in ArcGIS. If two or more explanatory variables had 
a large VIF (>7.5), the variable leading to the OLS regression model with lower percentage of 
variance explained was excluded from further analysis. After reduction of variables, we 
performed a bidirectional stepwise regression procedure testing all remaining explanatory 
variables, in order to identify the most significant variables affecting excess CVD mortality 
due to heat. The “stepAIC” function in the “MASS” package in R (version 2.15.2) adds or 
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drops variables to or from the model repeatedly, fits those models, and computes a table of 
the changes in fit according to the Akaike information criterion (AIC) and amount of 
variance explained (Venables 2002), i.e., the model with the lowest AIC and all significant 
parameters (as determined by an F test, p < 0.05) was selected. Spatial autocorrelation of 
the model residuals was evaluated with Global Moran’s I criteria. Ultimately, linear 
relationships of CVD mortality deviations with independent variables representing 
socioeconomic status (SES), population density (OECD criterion), and environmental effects 
(summer T) were examined individually for districts with low (<−0.50 StdDev), intermediate, 
and high (>0.50 StdDev) SES. 
Table 4.1 District characteristics tested in the analysis. 
Variable Description 
DevCVD Mean relative CVD mortality deviations on hot days with average 
temperature above the 90th percentile in June–August 1994–2009 
SES Index of socioeconomic status; sum of z-scores for % low education, 
% unemployed and % singles 
% elderly % of population older than 65 years 
% low education % of population without secondary school diploma 
% unemployed % of unemployed population 
% singles % of single-person households 
OECD % of inhabitants in municipalities with population density less than 
150 inhabitants/km2 
Summer T (°C) Mean summer (1 June–31 August 1994–2009) temperature in °C 
Altitude (m a.s.l.) Average altitude in metres above sea level 
% impervious % of impervious surface area (categories 1.1 and 1.2 in the CORINE 
land cover classification) 
4.2.5 Analysis of temporal patterns of heat-related mortality in groups of districts 
Groups of districts with similar characteristics were defined in order to obtain greater 
population sample sizes and provide a more general picture of results on the district level. 
The districts with high SES and low SES were split into urban (OECD < 25%) and rural (OECD 
> 37.5%) districts according to the OECD criterion of the population density calculated for 
the Czech Republic by Blatecká (2006). Mortality rates and temperature data of all districts 
in each of the four groups (high SES-Urban, high SES-Rural, low SES-Urban, and low SES-
Rural) were averaged and baseline mortality for each group using the same GAM formula as 
for individual districts was again calculated. The four groups of districts are displayed in 
Figure 4.3 and their characteristics are presented in Table 4.2. 
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Table 4.2 Total population and average demographic, socioeconomic, and physical–
environmental characteristics (in 2001) of the four groups of districts presented in Figure 
4.3. 
Characteristic High SES-Urban High SES-Rural Low SES-Rural Low SES-Urban 
Population 1,871,095 1,197,212 694,115 1,170,971 
OECD 5.93 48.95 50.88 10.51 
SES 2.06 1.56 −1.85 −3.62 
% elderly 15.56 13.91 12.20 11.94 
% low education 49.67 65.08 68.59 65.73 
% unemployed 3.81 3.15 6.64 8.16 
% singles 33.82 27.01 29.23 33.54 
Summer T (°C) 18.4 17.4 17.6 17.5 
Altitude (m a.s.l) 327 459 392 415 
% impervious 29.82 4.45 4.40 13.42 
 
Figure 4.3 Four groups of districts identified according to high (>0.50 StdDev) and low 
(<−0.50 StdDev) index of socioeconomic status (SES) and urban (OECD criterion <25%) 
and rural (OECD criterion > 37.5%) population. 
Hot spells were defined as at least two consecutive days with average temperature above 
the 90th percentile of its distribution in summer seasons (June–August) 1994–2009 in a 
given group of districts. A percentile definition was chosen because it leads to similar 
numbers of days in hot spells in each group of districts. Relative deviations of CVD mortality 
from the baseline on days D − 2 (2 days before the beginning of a hot spell) up to D + 14 
were averaged over all hot spells in order to assess lagged patterns of mortality deviations. 
Statistical significance of mean relative deviations was evaluated by comparison with the 
90% and 95% confidence bounds around the zero line, estimated from the 2.5%, 5%, 95% 
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and 97.5% quantiles of a distribution calculated by the Monte Carlo method (cf. Plavcová 
and Kyselý 2010). As the effect of a heat event on significantly elevated mortality usually 
occurs up to 3 days after the event (Basu 2009; Kyselý 2004; Kyselý and Huth 2004), 
cumulative excess CVD mortality on days D + 0 to D + 3 and D + 4 to D + 14 after a hot spell’s 
onset was compared in order to estimate magnitude of the mortality displacement effect. 
4.3 Results 
4.3.1 Heat-related mortality in the Czech Republic at district level 
About 148 hot days were defined in each district during 1994–2009. The highest and 
statistically significant (p < 0.1) heat-related mortality (DevCVD) was generally experienced 
in the northwest and southeast Czech Republic and in large municipalities (Prague-code 
CZ0110, Pilsen-CZ0323, Brno-CZ0622, Ostrava-CZ0816; Figure 4.4). These areas are mostly 
located in the lowest and warmest parts of the Czech Republic (cf. Figures 4.1 and 4.2). 
However, the test for spatial autocorrelation (Global Moran’s I) did not show any significant 
spatial clustering of mean mortality deviations on all summer days as well as on hot days. 
 
Figure 4.4 Spatial distribution of mean relative mortality deviations due to CVDs on hot 
days (DevCVD). Districts are labelled according to the Czech Statistical Office coding 
(CZSO 2004). 
4.3.2 Explaining Spatial Patterns of Heat-Related Mortality 
Spearman’s correlation analysis revealed generally very weak and insignificant 
correlation of relative CVD mortality deviations (DevCVD) with most of the socioeconomic 
factors (Table 4.3). On the contrary, variables representing effects of physical environment 
and urbanization level (altitude, summer T, and % impervious) correlated significantly (p < 
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0.05) with mortality anomalies on hot days (r = 0.37, −0.37, and 0.34 respectively), although 
correlation coefficients for the significant variables were still rather weak. Variables 
correlating significantly with mortality deviations correlated also significantly with one 
another. In particular, altitude and summer T showed strong negative correlation (r = −0.92). 
These two variables were also associated with large VIFs (>7.5) which indicates their strong 
collinearity. Since summer T led to higher percentage of variance explained, altitude was 
excluded from the regression analysis. 
Table 4.3 Spearman’s correlation matrix comparing the mean relative excess mortality 
due to CVDs on hot days (DevCVD) with independent variables used in the analysis (see 
Table 1 for description). Significant coefficients with p-value < 0.05 are in bold. 
Independent 
Variable 












SES 0.01 1        
% elderly 0.14 0.61 1       
% low education −0.20 −0.52 −0.47 1      
% unemployed 0.12 −0.75 −0.53 0.33 1     
% singles 0.13 −0.38 −0.04 −0.24 0.09 1    
OECD −0.22 0.11 0.07 0.47 −0.24 −0.56 1   
Summer T (°C) 0.37 0.18 0.38 −0.19 0.10 −0.08 −0.19 1  
Altitude (m a.s.l.) −0.37 −0.05 −0.31 0.17 −0.13 −0.09 0.26 −0.92 1 
% impervious  0.34 0.05 0.12 −0.41 0.24 0.23 −0.74 0.64 −0.66 
The stepwise regression procedure identified district’s summer T as the most significant 
factor positively linked to excess mortality (Table 4.4). The increased population density 
(decreased OECD criterion) was chosen by the model as the second variable significantly 
associated with increased mortality. Global Moran’s I criteria close to 0 indicated no spatial 
autocorrelation of residuals from the stepwise regression model. 
Table 4.4 Independent variables (see Table 4.1) chosen by the stepwise regression 
model as significantly related to the mean relative excess mortality due to CVDs on hot 
days (DevCVD) in individual districts. Regression coefficients are reported, along with 
their associated p-values in parentheses. 
Independent Variable DevCVD 
SES ---- 
% elderly ---- 
% low education ---- 
% unemployed ---- 
% singles ---- 
OECD −0.096 (0.043) 
Summer T (°C) 2.922 (0.002) 
% impervious  ---- 
R2 0.191 
In the analyses for all districts considered together, regression procedure did not reveal 
any significant effect of socioeconomic status (SES) on heat-related mortality (DevCVD). 
However, regression analysis between DevCVD and selected explanatory variables showed 
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significant changes in the relationships (Table 4.5, Figure 4.5) when performed individually 
for districts with low, intermediate and high SES. In high SES districts, the decreased OECD 
criterion (i.e., increased percentage of urban population) was the only variable significantly 
(p<0.1) linked to increase in DevCVD. In the largest group of districts with the intermediate 
SES, only increased summer T was significantly (p < 0.05) associated with increased DevCVD. 
But in districts with low SES, increased DevCVD was significantly (p < 0.05) linked to 
increased summer T, decreased OECD criterion as well as decreased SES (considered as 
explanatory variable). Decreased SES was also significantly related to a decrease of the 
OECD criterion in the same category. 
Results obtained from the analysis at the district level gave us general information about 
spatial distribution of heat-related excess mortality due to CVDs. Although in most districts 
the mean mortality deviations were positive and significantly different from zero (Figure 
4.4), numbers of cases especially in rural districts were rather low and baseline estimates in 
such districts were affected by overdispersion. Therefore, the districts were divided into 
groups of districts according to the SES index and the OECD criterion in order to compare 
effects of high temperature in larger population samples. 
Table 4.5 Linear regression models for mean relative excess mortality due to CVDs on 
hot days (DevCVD) against index of socioeconomic status (SES), percentage of rural 
population (OECD criterion), and mean summer temperature (Summer T) for districts 
with low, intermediate, and high socioeconomic status (SES class). Regression coefficients 
are reported, along with their associated p-values in parentheses. See Table 4.1 for 
description of variables examined. Significant regression coefficients with p-value < 0.05 
are in bold. 
SES Class DevCVD vs. SES DevCVD vs. 
Summer T (°C) 
DevCVD vs. OECD SES vs. OECD 
Low −3.099 (0.034) 4.307 (0.025) −0.193 (0.044) 0.041 (0.000) 
Intermediate −3.399 (0.490) 3.537 (0.008) −0.073 (0.407) 0.008 (0.293) 
High 1.474 (0.842) 1.234 (0.181) −0.164 (0.078) −0.008 (0.347) 




Figure 4.5 Scatterplots comparing mean relative excess mortality due to CVDs on hot 
days (DevCVD) with index of socioeconomic status (SES), percentage of rural population 
(OECD criterion), and mean summer temperature (Summer T) for districts with low 
(<−0.50 StdDev), intermediate (-), and high (>0.50 StdDev) socioeconomic status (SES). 
Coefficients of regression lines are reported in Table 4.5. See Table 4.1 for description of 
variables examined. 
4.3.3 Explaining lagged patterns of heat-related mortality in groups of districts 
About 35 hot spells were defined in each group of districts during 1994–2009. In all 
groups, significant excess mortality occurred between days D + 0 and D + 3 after a hot spell’s 
onset followed by a decline in mortality deviations (Figure 4.6). While in rural districts the 
lagged mortality deviations (D + 4 and later) were predominantly negative, in urban 
districts they were rather positive during the whole two-week period after a hot spell’s 
onset. When cumulative mortality deviations on days D + 0 to D + 3 and D + 4 to D + 14 after 
a hot spell’s onset were compared (Figure 4.7), the immediate cumulative effect (ƩD + 0…D 
+ 3) was largest in the most densely populated and the warmest group of districts with high 
socioeconomic status (high SES-Urban, 58.2% of daily mortality), while it was lowest in the 
least populated group with low socioeconomic status (low SES-Rural, 20.4%). When taking 
into account the lagged effects (ƩD + 4…D + 14), however, we observed negative relative 
mortality deviations in rural groups of districts which results in total heat-effects during the 
two-week period close to zero (8.9% and −3.8% in high SES-Rural and low SES-Rural, 
respectively). On the contrary, the cumulative lagged effects were positive in urban districts. 
In the urban district with low SES (low SES-Urban), the lagged effect was comparable with 
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the immediate one (26.3%), while in the high SES-Urban group the additional increase in 
excess mortality was rather small (8.4%). 
 
Figure 4.6 Mean relative excess mortality due to CVDs on days D − 2 to D + 14 around a 
hot spell’s onset in the groups of districts. Confidence bounds around the zero line are 
indicated by dashed (90%) and solid (95%) lines, respectively. 
 
Figure 4.7 Cumulative excess mortality (relative to the daily baseline mortality) due to 
CVDs on days D + 0 to D + 3 (ƩD + 0…D + 3) and D + 4 to D + 14 (ƩD + 4…D + 14) after a 
hot spell’s onset in the groups of districts. * denotes mean cumulative excess mortality 




We analysed spatial and temporal patterns of links between daily CVD mortality and 
mean daily temperature during summer (June–August), 1994–2009 in the Czech Republic. 
We further evaluated these patterns with respect to demographic, socioeconomic, and 
physical-environmental differences. The largest relative mortality deviations on days that 
exceeded the 90th percentile of summer temperature distribution (hot days) were generally 
observed in the warmest and most densely populated regions of the Czech Republic. 
4.4.1 Spatial patterns of heat-related mortality 
When all districts in the Czech Republic were considered together, characteristics of 
physical environment (mean summer temperature, altitude) and urbanization level 
(population density, percentage of impervious surface) had a significant influence on heat-
related CVD mortality, while socioeconomic status did not show any significant effect. On the 
other hand, a comparison of districts with low and high index of socioeconomic status (SES) 
revealed that below a certain threshold, SES has a relevant influence on excess mortality. 
Although previous studies have demonstrated differences in the heat–health relationship 
between different cities and different population groups, there are only few studies 
including also rural areas and considering socioeconomic and land cover factors affecting 
spatial differences in heat-related mortality. In the U.S., Sheridan and Dolney (2003) found a 
comparable effect of heat on mortality in urban and rural counties in Ohio. In Massachusetts 
(Hattis et al. 2012) and Georgia (Maier 2014), demographic (percentage of elderly, 
percentage of African-Americans) and socioeconomic (social isolation, poverty) factors were 
more important than was the level of urbanization (as represented by population density 
and proportion of the impervious surface). Recently, Kovach et al. (2015) in North Carolina 
found greater rates of heat-related illnesses in rural than urban locations, and a greater 
proportion of workers in agriculture with less access to air conditioning has been 
mentioned among the reasons of high heat-vulnerability in rural populations (Sheridan and 
Dolney 2003; Kovach et al. 2015). On the other hand, decreased vegetation, living in poverty, 
and low education were associated with increases in heat-related illnesses in urban 
locations (Kovach et al. 2015). However, excess morbidity and mortality due to heat in U.S. 
cities is reduced by the protective effect of air conditioning (Sheridan and Dolney 2003; 
Medina-Ramón and Schwartz 2007). Air conditioning is much less widespread in Europe 
than in American households (Henderson 2005), and population in the most densely 
populated areas is usually most affected by heat in Europe (Hajat et al. 2007; Gabriel and 
Endlicher 2011). Moreover, in contrast to the U.S. and many western-European countries, 
social differences between urban, suburban and rural populations in the Czech Republic are 
much smaller, as the country ranks as having among the lowest income inequality of OECD 
countries (OECD 2015), and the lowest estimated percentage of population severely 
deprived with respect to health, education and/or standard of living in the European Union 
(the Human Poverty Index, HPI; Bubbico and Dijkstra 2011). In addition, none of the 
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aforementioned studies considered the effects of physical–geographic conditions such as 
local climate and topography. Strong collinearity between districts’ average temperature 
and altitude found in our results suggests that highest heat-related mortality is generally 
observed in districts with low altitude, relatively hotter local climate and higher level of 
urbanization. Nevertheless, the significant relationship between decreased socioeconomic 
status and increased heat-related mortality in the most deprived district group highlights 
the role of social deprivation in vulnerability to heat across the population of the Czech 
Republic. 
4.4.2 Lagged Patterns of Heat-Related Mortality 
Another limitation of many studies assessing spatial variability in heat-related mortality 
within specific geographic areas is that they do not take into account the mortality 
displacement (harvesting effect) issue. Analysis of the four groups of districts with larger 
sample sizes allowed us to study lagged patterns of mortality deviations with more 
statistical power than for individual districts. While in urban districts the lagged sums of 
mortality deviations were still positive, we observed large decreases in cumulative relative 
mortality deviations in rural districts. A decline in mortality a few weeks after a heat wave 
due to mortality displacement has been documented in many studies (Kyselý 2004; Gosling et 
al. 2007; Baccini et al. 2013; Saha et al. 2014; Zaninović and Matzarakis 2014). Although 
estimates of the mortality displacement magnitude vary based on the methodology used and 
between different populations (Basu 2009; Baccini 2013), our findings suggest that, at least 
in the Czech Republic, the effect of mortality displacement after hot spells is small and 
insignificant in urban districts, while most of the excess deaths in rural districts may be 
attributed to harvesting. 
The highest short-term effect of hot spells in the high SES-Urban group suggests that high 
socioeconomic status was a risk factor of increased excess CVD mortality in the stratified 
analysis. However, the regression analysis at the district level showed SES as a relevant 
factor only in the low SES districts. Therefore, highest population count and density, highest 
average summer temperature due to low altitude, and generally worst thermal conditions in 
comparison to other groups of districts due to high proportion of artificial surface are 
probably the main reasons for the largest short-term effect of hot spells on excess CVD 
mortality in the high SES-Urban group. Many studies have documented strongest heat effects 
on mortality in the most densely populated areas (Hajat et al. 2007; Tan et al. 2010; Gabriel 
and Endlicher 2011) due to urban heat island effects (Arnfield 2003; Fisher et al. 2012), 
although this may be altered by large-scale factors such as altitude and topography 
(Alcoforado and Andrade 2006) as well as such fine-scale factors as proportions of 
impervious, green or water surfaces (Unger 2004; Dütemeyer et al. 2013; Dugord et al. 
2014; Burkart et al. 2015). 
Short-term heat effect was reduced in the urban group of districts with low 
socioeconomic status (low SES-Urban) in comparison to high SES-Urban. However, when the 
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cumulative relative mortality deviations during the two-week period after a hot spell’s onset 
were considered, excess CVD mortality in low SES-Urban was comparable with that in the 
high SES-Urban group (62% and 67%, respectively). This may be caused not only by 
relatively high levels of urbanization but also by social deprivation of populations in low 
SES-Urban districts, inasmuch as regression analysis at the district level had shown a 
significant relationship between socioeconomic status and heat-related CVD mortality for 
districts with low socioeconomic status. Dzúrová (1993) had demonstrated significant 
relationships between environmental deprivation, social deprivation, and poor health 
condition within the population of the Czech Republic. Long-term exposure to high 
concentrations of particulate matter (PM) has been associated with development of chronic 
diseases of the veins and heart (Brook et al. 2004; Chen and Goldberg 2009; Kaufmann 
2010). People with chronic CVDs have been most affected by excess mortality during hot 
spells in the Czech Republic (Davídkovová et al. 2014; Urban et al. 2014). Highest 
concentrations of PM10 and O3 have been associated with oppressive weather in Prague, 
although they were not identified as significant factors linked to excess CVD mortality by a 
stepwise regression model within the oppressive air masses (Urban and Kyselý 2015). Since 
heavy industry and coal mining are typical economic activities in districts of the low SES-
Urban group, poor health condition due to long-term exposure to high air pollution 
concentrations (CHMI 2015) and in general highest environmental deprivation within the 
Czech Republic in these districts may have a significant effect on lagged excess mortality due 
to CVDs during hot spells. However, inasmuch as air pollution characteristics are not 
spatially representative because they vary considerably across space, and causal 
relationships among temperature, air pollution, and human health are associated with large 
uncertainty (Buckley et al. 2014), we did not consider the effect of air pollution in this study. 
4.4.3 Limitations of the study 
A usual issue of studies assessing spatial variability of weather-mortality relationships is 
to find a trade-off between geographic specificity and sample size when selecting a unit of 
analysis (Hattis et al. 2012). The length of time period (number of days) and number of 
events (e.g., deaths) per day are factors determining statistical power and precision of time 
series modelling (Bhaskharan et al. 2013). For example, Hondula and Barnett (2014) 
employed a hierarchical Bayesian model treating each unit as not completely independent 
from every other. We applied a single generalized additive model stratifying the whole 
dataset to individual districts by a categorical variable, which allowed us to model baseline 
mortality consistently in all districts and helped to deal with small population counts. 
Mortality deviations in individual districts are still subject to great uncertainty, as numbers 
of deaths in districts of the Czech Republic show high variability and only a small percentage 
of total variance can be explained by meteorological factors (Urban and Kyselý 2015). 
Therefore larger regions should be considered for heat-related mortality assessment and 
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biometeorological forecast (e.g., Novák 2013) in the Czech Republic rather than individual 
districts. 
Our findings also highlight the importance of relating heat risk factors to appropriate 
health variables when evaluating vulnerable populations and regions. This is an issue in 
particular for studies mapping heat vulnerability without validation on health outcomes 
(Reid et al. 2009; Vescovi et al. 2005; Johnson et al. 2012). As demonstrated by Reid et al. 
(2012), a heat vulnerability index calculated from socioeconomic and environmental risk 
factors can be consistently associated with poor health on both normal and hot days. In our 
study, low socioeconomic status (SES) was strongly correlated with high mortality (not 
shown), while the association with excess mortality on hot days was weak. Excess deaths 
during a heat wave can be considered as an extreme outcome of heat stress. Previous 
studies have revealed no significant effect of high temperatures on hospitalizations due to 
CVDs (Urban et al. 2014; Zacharias et al. 2014; Hanzlíková et al. 2015; Urban and Kyselý 
2015). Nevertheless, health outcomes such as emergency calls (Uejio et al. 2011; Wolf et al. 
2014) and hospital admissions for respiratory and heat-related diseases (Reid et al. 2012; 
Scherber et al. 2014) might be significantly related to high temperatures and more affected 
by socioeconomic differences than cardiovascular mortality. 
Another limitation of this study is that the associations observed for data aggregated at 
district level may not necessarily represent associations existing at an individual level—the 
so-called ecological fallacy issue (Wakefield and Salway 2001). Similarly, the associations 
between mortality and explanatory variables observed for the whole group of districts may 
vary spatially, as demonstrated by the stratified analysis for districts with low, intermediate 
and high SES. However, as we did not find any significant spatial autocorrelation in the 
residuals from baseline mortality nor in residuals from the step-wise regression procedure, 
we did not use any spatially varying coefficient model. 
Finally, the study may potentially be subject of the modifiable areal unit problem as all 
variables were aggregated to district spatial units. Repeating the study at different analysis 
level may produce variations in the results (Openshaw and Taylor 1981). However, the 
results for the individual districts and for aggregated regions supported each other. 
Another issue of this study is the use of gridded temperature data. As the spatial 
distribution of the grid is 25 × 25 km, it does not fully represent fine-scale thermal and 
environmental conditions in individual municipalities. This is particularly true in the low 
SES-Urban districts which are located in areas with large differences in topography and 
thermal conditions ranging from relatively large cities situated in a warm climatic region to 
surrounding mountain areas with cooler climate (Tolasz et al. 2007). In order to take this 
issue into account, temperature data was weighted by population counts in every grid box 
when mean daily temperature in districts was calculated and percentiles were used instead 
of absolute temperature thresholds for the definition of hot days. Nevertheless, the effect of 
average summer temperature and average altitude on mortality deviations on hot days may 
be partly underestimated in the correlation and regression analyses. On the other hand, the 
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gridded temperature data, representing spatial means rather than point values (Plavcová 
and Kyselý 2010), allow capturing temperature conditions in individual districts better than 
raw station data or their averages. 
4.5 Conclusions 
In this study we analysed spatial patterns of links between high temperature extremes 
and daily cardiovascular mortality at a district level. We considered differences between 
districts’ demographics, socioeconomic status, as well as physical-environmental conditions. 
The largest relative mortality deviations on hot days were generally observed in the 
warmest regions of the Czech Republic that involved most urbanized areas. We revealed 
significant effects of physical environment (altitude, mean summer temperature, artificial 
surface) and urbanization (population density) on excess cardiovascular mortality on hot 
days when all districts in the Czech Republic were considered together. The level of 
socioeconomic status played a relevant role only in the most deprived populations. 
Analysis of mortality deviation patterns for larger groups of districts during two weeks 
after a hot spell’s onset revealed no mortality displacement in large municipalities, while 
most of the excess deaths in rural districts may be attributed to harvesting. Highest 
population count and density, highest average temperature due to low altitude, and 
generally worst thermal conditions due to high proportion of artificial surface were the 
factors associated with largest excess cardiovascular mortality due to hot spells. In addition, 
long-term exposure to highest environmental and socioeconomic deprivation within the 
Czech Republic in urban districts with low socioeconomic status may have a significant 
effect on lagged excess mortality associated with hot spells due to the higher percentage of 
people with chronic cardiovascular disease. Inasmuch as coal mining and associated heavy 
industry (energetics, metallurgy) are typical economic activities in these districts, their 
populations are potentially at risk of increasing social deprivation in future due to a decline 
of mining and industrial transformation. The significant relationship between decreased 
socioeconomic status and increased heat-related mortality within the most deprived district 
group highlights the role of socioeconomic status in adaptability to heat across the 
population. 
We identified districts and regions in the Czech Republic whose populations are most at 
risk of excess mortality due to heat stress and might be at increasing risk in the future. Our 
results are potentially useful for better targeting biometeorological forecasts and warnings, 
although larger regions rather than individual districts need to be considered to achieve a 
reasonable statistical power. Such other health outcomes as emergency calls and hospital 
admissions for respiratory and heat-related diseases should be considered in follow-up 
research regarding the effects of heat stress on public health in the Czech Republic. 
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5 Application of spatial synoptic classification in evaluating links 
between heat stress and cardiovascular mortality and morbidity in 
Prague, Czech Republic 
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Abstract Spatial synoptic classification (SSC) is here first employed in assessing heat-
related mortality and morbidity in central Europe. It is applied for examining links between 
weather patterns and cardiovascular (CVD) mortality and morbidity in an extended summer 
season (16 May–15 September) during 1994–2009. As in previous studies, two SSC air 
masses (AMs) – dry tropical (DT) and moist tropical (MT) – are associated with significant 
excess CVD mortality in Prague, while effects on CVD hospital admissions are small and 
insignificant. Excess mortality for ischaemic heart diseases is more strongly associated with 
DT, while MT has adverse effect especially on cerebrovascular mortality. Links between the 
oppressive AMs and excess mortality relate also to conditions on previous days, as DT and 
MT occur in typical sequences. The highest CVD mortality deviations are found one day after 
a hot spell’s onset, when temperature as well as frequency of the oppressive AMs are 
highest. Following this peak is typically DT- to MT-like weather transition, characterized by 
decrease in temperature and increase in humidity. The transition between upward (DT) and 
downward (MT) phases is associated with the largest excess CVD mortality, and the change 
contributes to the increased and more lagged effects on cerebrovascular mortality. The 
study highlights the importance of critically evaluating SSC’s applicability and benefits 
within warning systems relative to other synoptic and epidemiological approaches. Only a 
subset of days with the oppressive AMs is associated with excess mortality, and regression 
models accounting for possible meteorological and other factors explain little of the 
mortality variance. 
Keywords: Spatial synoptic classification, mortality, morbidity, cardiovascular diseases, 
central Europe 
5.1 Introduction  
In the past two decades, extreme heat waves have been documented as the deadliest of 
atmospheric hazards in mid-latitudes (Kirch et al. 2005; Kosatsky 2005; EEA 2010; 
Barriopedro et al. 2011). Due to a projected rise in global mean temperature in the 21st 
century, the frequency of events similar to the heat waves in 2003 (Larsen 2006) and 2010 
(Barriopedro et al. 2011) is expected to increase (Ballester et al. 2009; IPCC 2014). 
Consequently, increased heat-related mortality and decreased cold-related mortality are 
projected if adaptation to warmer climate is insufficient (Gosling et al. 2009; Muthers et al. 
2010). Uncertainty concerning the climate change impact on heat-related mortality is 
nevertheless great, as physiological, behavioural and technological adaptation may 
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considerably modify climate–mortality relationships (Christidis et al. 2010; Matzarakis et al. 
2010; Kyselý and Plavcová 2012; Ebi et al. 2014). 
Many epidemiological studies employ traditional approaches to heat-related mortality 
and morbidity assessment and associate health outcomes with air temperature or another 
simple measure of equivalent temperature considering synergistic effects of air 
temperature, humidity and/or wind speed (heat index, apparent temperature, etc.; Basu 
2009; Ye et al. 2012). These indices do not, however, represent the actual biometeorological 
conditions (Jendritzky et al. 2012). Indices based upon human heat budget, such as PET 
(Höppe 1999; Matzarakis et al. 1999) and UTCI (Jendritzky et al. 2012), on the other hand, 
consider atmospheric conditions as well as complex metabolic processes in the human body 
(Jendritzky et al. 2012). These, however, require specific input data (Weihs et al. 2012) 
which may not be available for application in bioclimatic and epidemiological studies (Urban 
and Kyselý 2014).  
The limitations associated with a lack of appropriate input data can to some extent be 
avoided by a synoptic climatological approach. Such methodology takes into account the 
entire suite of daily weather elements (air temperature, a humidity variable, total cloud 
amount, wind components, and atmospheric pressure) that are classified into air masses 
(weather types) with meteorologically homogeneous conditions (Davis and Kalkstein 1990). 
Two basic types of synoptic classifications which are employed in human biometeorology in 
order to determine air masses with adverse effect on human mortality are termed the 
‘temporal synoptic index’ (TSI; Kalkstein and Corrigan 1986) and ‘spatial synoptic 
classification’ (SSC; Kalkstein et al. 1996; redeveloped by Sheridan 2002). While TSI is a 
‘fully-automated’ classification approach using principal component analysis (PCA) and 
cluster analysis (CA) in order to define oppressive air masses, the ‘hybrid’ SSC classifies each 
day into one of six weather types manually predetermined by so-called ‘sliding seed days’ 
typical for the local climatology (Sheridan 2002).  
Both TSI and SSC approaches have been employed in investigating heat-related mortality 
and morbidity across wide geographical ranges (Kyselý et al. 2010; Hondula et al. 2014). 
Heat-and-health-warning systems based either on TSI (Kalkstein et al. 1996) or SSC 
(Sheridan and Kalkstein 2004) have been developed in numerous cities, particularly in the 
US (Hondula et al. 2014), and their benefits in saving both human lives and costs have been 
documented (Ebi et al. 2004; Toloo et al. 2013). Despite the availability of an SSC calendar in 
Europe (Bower et al. 2007), there exist gaps in both research and application of SSC, 
especially in central Europe (Hondula et al. 2014). Although the TSI weather-type 
classifications already have been used for heat-related mortality assessment in the Czech 
Republic (Kyselý and Huth 2004) with results comparable to those from the traditional 
approach (Kyselý 2004), no further research into this topic has been conducted.  
Although heat-related mortality has been documented also among rural populations 
(Sheridan and Dolney 2003; Gabriel and Endlicher 2011; Urban et al. 2014), urban 
populations in particular are strongly affected by significantly increased mortality during 
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heat waves (Loughnan et al. 2008; O‘Neill et al. 2009; Gabriel and Endlicher 2011). In 
addition to the physically altered environment of the urban heat island (Arnfield 2003), 
higher percentages of elderly, social deprived (homeless, unemployed) and/or isolated 
populations (people living alone, immigrants, ethnic minorities) are factors increasing heat-
related morbidity (Knowlton et al. 2009; Ye et al. 2012) and mortality (Semenza et al. 1996; 
Hattis et al. 2012; Loughnan et al. 2013) in cities. The population groups most affected by 
heat stress are young children and the elderly (Kovats et al. 2004; Basu 2009; Knowlton et 
al. 2009), especially women (Hajat et al. 2007; Matzarakis et al. 2010; Kyselý et al. 2011). 
Persons in poor physical and medical condition (Kenney and Munce 2003), and particularly 
those with chronic cardiovascular or respiratory disorders, are at highest risk (McMichael 
2006; Cheng and Su 2010; Davídkovová et al. 2014).  
In this study, the SSC approach is employed for the first time for heat-related mortality 
assessment in central Europe, in order to (i) identify oppressive air masses associated with 
increased cardiovascular (CVD) mortality and morbidity in Prague, Czech Republic; (ii)  
examine meteorological as well as non-meteorological (persistence, time in sequence) 
characteristics of the oppressive air masses and their effects on CVD mortality and 
morbidity; and (iii) examine possible association between oppressive air masses and hot 
spells with respect to their meteorological characteristics and mortality impacts. 
5.2 Data and methods 
5.2.1 Epidemiological data 
Daily mortality (number of deaths) and morbidity (number of hospital admissions) for 
cardiovascular disease (CVD – codes I00–I99 according to the International Statistical 
Classification of Diseases, 10th Revision [ICD–10]) in Prague, Czech Republic (ca 1.2 million 
inhabitants during the examined years) were obtained for the period 1994–2009 from the 
Institute of Health Information and Statistics and the Czech Statistical Office. The data 
include the primary cause of each death or hospital admission. 
To account for long-term changes in mortality and morbidity (related to demographics, 
health care and lifestyle changes) as well as short-term variations due to annual and weekly 
cycles, the daily numbers of deaths/hospital admissions were standardized. We employed 
an indirect standardization procedure analogous to one used previously (e.g. Whitman et al. 
1997; Smoyer et al. 2000; Kyselý 2004), through which a series of daily excess 
mortality/morbidity was established by calculating deviations of the observed and expected 
(baseline) mortality/morbidity for each day of the examined period.  
The expected number of deaths/hospital admissions M0(y,d) for year y (y = 1994, ... 
2009) and day d (d = 1, ... 365) was determined according to the formula (Kyselý 2004)  
d).Y(y)(d).W(y,Md)(y,M 00  . 
In the equation, M0(d) denotes the mean daily mortality/morbidity on day d in a year 
(computed from the mean annual cycle over 1994–2009 smoothed by 15-day running 
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means for mortality data; morbidity data were not smoothed, in order to avoid “spreading” 
the effects of public holidays, on which the number of admissions is substantially lower, to 
surrounding calendar days); W(y,d) is a correction factor for the observed weekly cycle of 
mortality/morbidity, calculated separately for individual days of the week and defined as 
the ratio of the mean mortality/morbidity on a given day to the overall mean 
mortality/morbidity; and Y(y) is a correction factor for the observed year-to-year changes in 
mortality/morbidity, defined as the ratio of the number of deaths/hospital admissions in 
year y to the mean annual number of deaths/hospital admissions during the analysed 
period. In calculating W(y,d), all public holidays were excluded.  
Mortality from CVDs comprises more than 50% of total mortality in the Czech Republic. 
Among CVDs, ischaemic heart disease (IHD) and cerebrovascular disease (CD) constitute the 
two main groups, together responsible for more than 60% of all CVD deaths in Prague 
(Urban et al. 2014). The percentage of death certificates based on autopsy is relatively high 
in the Czech Republic and comparable with that in western European countries 
(Davídkovová et al. 2013).  
5.2.2 Spatial synoptic classification (SSC) 
The SSC developed for Prague by Bower et al. (2007) according to Sheridan (2002) is 
employed. The daily calendar of air masses (weather types) is available online at the SSC 
homepage (http://sheridan.geog.kent.edu/ssc.html). We examined associations between CVD 
mortality and morbidity deviations and SSC air masses (AMs) in the warm season (16 May–
15 September) during 1994–2009. The classification recognizes six basic AMs: dry polar 
(DP), dry moderate (DM), dry tropical (DT), moist polar (MP), moist moderate (MM), and 
moist tropical (MT) supplemented with a transition type (T). Additional MT subtypes (MT+ 
and MT++) were included into the MT category, as the occurrence of these subtypes is 
rather low in Europe (see the SSC homepage and results below). 20 days were removed 
from the analysis because air masses were not specified in the calendar. 
5.2.3 Meteorological data  
Data on air temperature (T, in °C), dew-point temperature (Td, °C), wind speed at 10 m 
above the surface (WS, m∙s−1), relative humidity (RH, %), total cloud amount (TCA, tenths) 
and atmospheric pressure (SLP, hPa) from the Prague-Ruzyně (airport) station were 
available for the same period of 1994–2009 from the Czech Hydrometeorological Institute. 
The data had been measured three times daily in standard climatic terms (7:00, 14:00 and 
21:00 local time).  
Air pollution data on the 8-hour daily maximum of tropospheric ozone (O3) and daily 
average concentrations of PM10 (both in µg/m³) in the city of Prague during 1994–2009 
were also provided by the Czech Hydrometeorological Institute. 
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5.2.4 Oppressive air masses  
Oppressive air masses (OAMs) are defined as those AMs associated with average excess 
mortality/morbidity significantly different from zero according to the one-sample t-test 
with a two-sided alternative hypothesis (p-value < 0.05). To evaluate the contribution of 
AMs to days with heightened mortality/morbidity, an occurrence ratio was calculated as the 
frequency of each AM type among the 50 days with the highest excess mortality/morbidity 
relative to its mean frequency in the analysed period (cf. Kyselý and Huth 2004). 
Significance of the ratios higher than 1 was tested by one-tail z-test for difference of two 
proportions (similarly to Lee 2015). As there have been documented lagged effects of heat 
on mortality/morbidity (e.g. Huynen et al. 2001; Kyselý and Huth 2004; Schwartz et al. 
2004), we analyzed average excess mortality/morbidity and its relationship to AMs on days 
D−3 to D+4 around OAMs occurrence.  
In order to quantify relationships between health and weather conditions within OAMs, 
stepwise regression analysis on days classified as having OAMs was performed. All 
independent variables in the step-wise regression models are shown in Table 5.1. They 
included weather elements that may affect heat-related mortality (air temperature [T] and 
dew-point temperature [Td] measured three times a day; dew-point depression as the 
difference T−Td; daily average of T, Td, total cloud amount [TCA], and wind speed [WS]), air 
pollution [O3 and PM10], as well as non-meteorological factors to account for long-term 
adaptation effects (year), adaptation effects through the warm season (number of 
oppressive days since the beginning of the season and time of season) and duration of the 
OAM conditions (day in sequence). 
Bidirectional stepwise regression procedure was conducted, using the ‘MASS’ package in 
R (version 2.15.2). The ‘stepAIC’ function adds or drops variables from or to the model 
repeatedly, fits those models and computes a table of the changes in fit according to the 
Akaike information criterion (AIC) (see Venables and Ripley 2002). Final model components 
were chosen by AIC and amount of variance explained, i.e. the model with the lowest AIC 
and all significant parameters (according to F-test, p<0.05) was selected.  
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Table 5.1 Independent variables in stepwise regression models for relative daily excess 
mortality within the oppressive AMs. 
Meteorological variables 
T07, T14,T21                     air temperature at 7:00, 14:00, and 21:00 local time 
Td7, Td14, Td21                 dew-point temperature at 7:00, 14:00, and 21:00 local time 
T, Td, WS, TCA                  average daily temperature, dew-point temperature, wind speed, total cloud amount 
X_1                            variable X lagged by 1 day 
dT    dew-point depression (T−Td) 
Air pollution variables                       
O3 
PM10 
8-hour daily maximum concentration of tropospheric ozone 
daily average concentration of PM10 
Non-meteorological variables 
TOS time of season (16 May = 1; 15 September = 123) 
YEAR year 
DIS day in sequence of OAMs (DT and MT together) 
OAMy number of days with the oppressive air mass (DT or MT) since the beginning of the season 
5.3 Results 
5.3.1 Air mass characteristics 
Table 5.2 shows climatology of individual AMs in the warm season (16 May–15 
September) during 1994–2009 in Prague. Moist moderate (MM) and dry moderate (DM), 
with average air temperature 16.2 and 17.8 °C, respectively, were the AMs occurring most 
frequently. In general, the moist air masses are more common than are the dry ones. DT is 
the AM with the highest mean daily temperature (22.9 °C) but smallest relative humidity, 
wind speed and cloud cover. MT is a colder (20.7 °C) but more humid weather type with 
larger cloud cover than has DT. Both DT and MT are associated with the highest mean 
concentrations of air pollutants (O3 and PM10) among the AMs, and these exceed air quality 
standards in the Czech Republic (Act No. 201/2012 Coll.). Statistics for the MT category 
involve also the MT+ subtype, with mean relative humidity (66.7%) similar to MT while 
mean daily temperature is comparable to DT (22.6 °C). Because MT+ occurred only on 31 
days during the 16-year period (about 2 days per year), this subtype is not examined 
separately but was included into the MT category for further analysis. 
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Table 5.2 Climatological characteristics of individual AMs in Prague during warm season 
(16 May–15 September), 1994–2009. O3 values represent 8-hour daily maximum 
concentrations; values for other variables indicate daily means. 
SSC Relative frequency (%) T (°C) Td (°C) RH (%) WS (m∙s−1) TCA (tenths) O3 (µg/m³) PM10 (µg/m³) 
DP 5.7 12.3 6.2 65 3.7 6.1 100 26 
DM 22.0 17.8 10.1 62 2.9 4.3 91 27 
DT 7.7 22.9 12.1 52 2.8 3.5 123 35 
MP 10.2 11.7 8.7 82 4.5 8.5 86 24 
MM 32.0 16.2 12.2 78 3.8 7.7 112 32 
MT 14.2 20.7 14.7 68 2.9 5.7 143 41 
T 8.2 16.8 11.0 71 4.3 6.7 69 19 
 
5.3.2 Mortality and morbidity associated with air masses 
Figure 1 shows box plots representing distribution of relative CVD mortality (left) and 
morbidity (right) anomalies within individual AMs. Tropical air masses – DT and MT – are 
the only two AMs associated with a significant (t-test at p<0.05) increase of mortality due to 
CVD. In the following text, it is those two AMs which are regarded as oppressive (OAMs). 
Mean excess mortality from all CVD is slightly higher for DT (9.8%) than for MT (7.2%), and 
the deviation is highly significant (p<0.001) in both cases (Table 3). By contrast, the polar air 
masses (DP and MP) are those associated with the lowest mean mortality anomalies (−6.7% 
and −2.8%, respectively). Although we did not consider MT+ in this study due to its low 
frequency, this AM – if evaluated separately – is linked to the highest mean CVD mortality 




Figure 5.1 Box plots of relative excess CVD mortality and morbidity for individual AMs in 
Prague, 16 May–15 September, 1994–2009. The oppressive AMs are marked by light 
bars. 
Table 5.3 Mean relative excess mortality (left) and morbidity (right) due to all 
cardiovascular disease (CVD), ischaemic heart disease (IHD), and cerebrovascular 
disease (CD) for individual AMs. Ratio = occurrence ratio calculated as the relative 
frequency of each air mass type among the 50 days with the highest excess mortality 
against its mean (climatological) frequency. 































DP -6.7* 0.35 -2.9 1.04 -9.5* 0.35 1.1 0.70 -0.0 0.00 1.6 1.04 
DM -2.6* 0.82 -4.6* 0.82 -2.0 0.91 -0.1 1.09 -0.2 1.18 1.9 1.27 
DT 9.8* 2.60† 7.4* 1.82† 7.1 0.78 -0.6 0.78 -1.9 1.04 1.4 1.56 
MP -2.6 0.79 1.8 1.18 -8.5* 0.20 -0.1 0.39 -0.5 0.39 -4.1* 0.39 
MM -2.5* 0.44 -1.6 0.94 -2.2 1.06 0.2 1.31 0.7 1.31 -0.7 0.94 
MT 7.2* 2.27† 2.5 0.99 13.3* 2.13† -1.5* 0.71 -1.2 0.71 -0.7 1.13 
T -0.3 0.48 4.2 0.73 0.1 0.73 -0.4 1.21 -0.9 1.21 -0.6 0.48 
* denotes statistically significant excess mortality values according to two-sided t-test (p<0.05) 
† denotes statistically significant ratio values according to z-test for difference of two proportions (p<0.05) 
The mortality deviations tend to increase from the polar air masses to the tropical ones 
for the overall group of CVDs and the CD subgroup, while the pattern is much less clear for 
the IHD mortality (Table 5.3). One may also notice differences between the effects of DT and 
MT on the two CVD subgroups. While DT is associated with significant increase of mortality 
due to IHD (7.4%), MT has significant impact on mortality due to CD (13.3%). The effect of 
MT is significantly higher on mortality from CD than from IHD (2.5%) according to the two-
sample t-test (p<0.01). The ratio values support significance of these patterns: while DT 
occurs 1.8 times more often on 50 days with the highest IHD mortality, MT, on the other 
hand, occurs 2.1 times more often on 50 days with the highest CD mortality in comparison 




The generally smaller spread between the 5% and 95% quantiles (Figure 5.1) for 
morbidity versus mortality data is related to the much larger number of hospital admission 
cases in comparison with the number of deaths. In contrast to mortality, no AM is associated 
with significantly positive CVD morbidity deviations on the day of occurrence. However, 
despite the relatively small differences among AMs, we can observe contrasting patterns 
between mortality and morbidity deviations for individual AMs (Table 5.3). Those AMs 
associated with large positive mortality deviations are also associated with negative 
morbidity deviations, and vice versa (cf. DT vs. DP). Moreover, when considering sequences 
of days D−3 to D+4 around the AMs occurrence, we did not observe any heat-related CVD 
morbidity neither on days after the DT or MT occurrence. However, we found significant 
“cold-related” morbidity on days D+2 (2.4%) and D+3 (2.2%) after the moist polar (MP) air 
mass occurrence. As the MP is the coldest AM, the excess morbidity may be related to 
relatively cold weather conditions in summer; a similar increase is not found in the 
mortality data. 
5.3.3 Sequences of the oppressive AMs  
Figure 5.2 shows mean CVD mortality deviations on days D−3 to D+4 around DT or MT 
occurrence. While the highest mean mortality deviation occurs one day after DT (10.6%), in 
the sequence of days around MT, D−1 is the mortality peak day (8.7%). These findings 
suggest that the effects on mortality may be modified by meteorological conditions (i.e. air 
mass occurrence) on previous/following days. Specifically in Prague, DT is followed in 46% 
of cases by another DT and in 33% by MT (so only 21% of days following DT are non-
oppressive), while MT is followed in 39% of cases by another MT, only in 6% of cases by DT, 
and in 55% of cases by non-oppressive AMs, mostly MM (Figure 5.3).  
 
Figure 5.2 Mean relative excess mortality for CVD on days D−3 to D+4 around DT or MT 
spell occurrence. Temp indicates average temperature deviation from the seasonal mean. 




Figure 5.3 Relative frequencies of AMs around DT or MT occurrence (on day 0) in 
Prague, 16 May–15 September, 1994–2009. 
Whereas the average length of DT and MT spells is 2.0 and 1.7 days, respectively, the 
average length of a spell consisting of DT and MT considered together is 2.4 days. In order to 
investigate links between the OAMs and hot conditions more comprehensively, we 
performed additional analysis of the relative frequency of AMs on days D−3 to D+15 during 
hot spells (at least two consecutive days with average daily temperature above the 95th 
percentile of its distribution in the examined period of year). Figure 5.4 (left) shows that DT 
is the most frequent AM on the first 2 days (60% and 67%, respectively), while MT is the 
most frequent AM in a later phase of hot spells (43% on D+2 to 30% on D+5). When DT and 
MT are considered together, D+1 is linked with the highest occurrence of the OAMs (90%) 
within a hot spell. Moreover, this day is characterized by the largest temperature anomaly 
(7.8 °C) and the largest day-to-day negative pressure change (Figure 5.4, right). This peak is 
followed by a decline in temperature but an increase in air humidity, corresponding with the 
increased MT occurrence on days D+2 to D+5. 
 
Figure 5.4 Left: Relative frequencies of AMs on days D−3 to D+15 around a hot spell’s 
onset (on D0) in Prague. Right: Mean deviations from seasonal mean temperature (T), 
dew-point (Td), total cloud amount (TCA), wind speed (WS), and mean day-to-day 
atmospheric pressure (SLP) changes in the same sequence. 
Day D+1 is also associated with the highest mean CVD mortality deviation (20.3%) 
during hot spells (Figure 5.5, left). When mortality anomalies of the two main CVD 
subgroups (CD and IHD) in the same sequences corresponding to hot spells are examined 
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(Figure 5.5, right), one can observe a slightly higher IHD mortality (10.8% vs. 6.6% from CD) 
anomaly on D0 (the first day of a hot spell with the highest frequency of DT) and, on the 
other hand, a significantly higher CD mortality (13.0% vs. 7.5% from IHD) on D+2 (day with 
the highest occurrence of MT). The patterns around D0 and D+2 of a hot spell are very 
similar to the patterns of forgoing as well as delayed mortality anomalies around the 
occurrence of DT or MT as D0 (presented above). Note that only the hottest DT and MT days 
are included in the hot spell analysis; that is why the patterns and anomalies are not 
identical. 
 
Figure 5.5 Mean relative excess mortality for CVD as a whole (left) and cause-specific 
mortality (right) on days D−3 to D+15 around a hot spell onset (D0) in Prague. Temp 
indicates average temperature deviation from the seasonal mean. Error bars in the left 
figure denote 95% confidence intervals for the normal distribution. 
5.3.4 Regression analysis of excess mortality within the oppressive AMs 
The results above illustrate that links between environment and health are very complex 
and mortality is affected not only by meteorological elements on the particular days but also 
by other factors like timing within a spell of oppressive days. Therefore, a regression 
analysis was performed to identify factors associated with increased mortality risks within 
the OAMs. Linear regression models for relative excess daily CVD mortality within the OAMs 
of the SSC classification were developed using bidirectional stepwise screening over the 
entire period of 1994–2009. The models take account for meteorological as well as non-
meteorological factors (see Table 5.1 for the list of independent variables tested and the 
Methods section for the methodology used). 
From all those meteorological variables tested, dew-point temperature is the most 
significant variable linked to CVD mortality within the OAMs. While on days with DT, a 
morning dew-point temperature increase by 1 °C (Td7, p<0.01) is linked to a mortality 
increase by 2.3% on the same day, a 2.5% increase of mortality on an MT day is related to a 
1 °C rise in night-time dew-point temperature on the previous day (Td21_1, p<0.001) (cf. 
Fig. 6 left and right, respectively). Among non-meteorological variables, only a significant 
negative effect of the time of season (TOS) on mortality was found for MT. That highlights 
the importance of within-season adaptation. However, the models explain less than 10% of 
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the total variance for both DT and MT. Coefficients of the final regression equations are as 
follow: 
CVD_mor (DT) = –19.204+2.259*Td7 (r2=0.067) 
CVD_mor (MT) = –18.478+2.532*Td21_1–0.148*TOS (r2=0.081) 
 
Figure 5.6 Scatter-plots of relative excess CVD mortality in Prague (16 May–15 
September, 1994–2009) against the significant temperature variable from the stepwise 
regression analysis within the oppressive AM. Solid lines represent linear regression 
between temperature variable and mortality deviations. For MT, the relationship is 
adjusted for time of season (TOS), which was the other significant variable identified by 
the stepwise regression analysis. 
5.4 Discussion 
5.4.1 SSC characteristics 
The widely used spatial synoptic classification (SSC) was employed here for the first time 
in heat-related mortality and morbidity assessment in central Europe. As follows from 
general climatological characteristics (Kottek et al. 2006), the climate in Europe differs from 
that in North America. Consequently, SSC climatology in Europe is different from that in the 
US and Canada, where the SSC approach is most used (Hondula et al. 2014). Although the 
general characteristics of individual AMs are comparable in Europe and North America, 
their absolute meteorological characteristics as well as the spatial and temporal variability 
are different (Bower et al. 2007). From North America, the Laurentian mid-latitude climatic 
zone involving the Great Lakes cities of Canada (Toronto, Ottawa – Vanos and Cakmak 2014; 
Vanos et al. 2014) has SSC climatology most similar to that of central Europe. In contrast to 
Canadian cities, high frequency of moderate air masses with prevalence of the moist 
moderate (MM) type is typical for a central European summer (Table 5.2). In both regions, 
however, the moist tropical (MT) type is more frequent than is the dry tropical (DT) type, 
although the highest temperatures are associated with DT. On the contrary, the extreme MT 
subtype (MT+), typical for the south-eastern US (Sheridan and Kalkstein 2004) or eastern 
Asia (Tan et al. 2004; Kyselý and Huth 2010), is relatively rare in central Europe. 
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Geographical consistency of the SSC due to the relative characteristics of the sliding seed 
days represents its main advantage (Hondula et al. 2014). Thus, we are able to compare 
between climate-mortality relationships in different regions (for example North America 
and Europe). In Prague, we found both basic tropical weather types DT and MT to be 
associated with significantly increased mean CVD mortality (Table 5.3). MT+ considered as a 
separate air mass was linked to the highest mean CVD mortality deviation (16.7%). But 
while the relative frequency of MT+ is only 1.6%, MT (including MT+) occurs on 14% of days 
and exhibits lower but still significant mean excess CVD mortality (7.2%). The ‘too low’ 
frequency of MT+ compared to the ‘too high’ frequency of MT illustrate SSC’s main 
drawback, in particular when selecting an appropriate method for local-specific heat watch 
warning systems (Kyselý and Huth 2010). Although the OAMs are obviously linked to warm 
conditions in summer, the SSC is a relative index and the variance of OAMs within the 
season is therefore larger than is the variance of extremely hot days (with temperature 
above the 95th percentile). In general, it covers too many days with moderate conditions 
and low excess mortality compared to other methods (Zhang et al. 2012). On the other hand, 
despite the significant increase of MT and DT frequency on 50 days with the highest CVD 
mortality deviations (see ratios in Table 5.3), the OAMs still represent only 26 (i.e. 52%) of 
those days.  
5.4.2 Regression analysis within the oppressive AMs  
Relatively weak relationships between mortality and climatological characteristics of 
individual AMs were demonstrated also by the regression analysis. Only few variables are 
significant modifiers of CVD mortality within the OAMs, and the percentage of the mortality 
variance explained by the regression models for individual OAMs is small (6.7% for DT and 
8.1% for MT). This suggests that in cities with (temperate) climate and population size 
similar to Prague (1.2 million inhabitants), the weather–mortality relationships are 
generally weaker and more difficult to reveal than in larger and hotter cities, and weather 
conditions represent only a small part of those factors influencing CVD mortality within the 
OAMs. In Toronto, for example, the coefficient of determination (r2) for regression equations 
within the OAMs was lower (0.18 for MT+ and 0.29 DT) than in relatively hotter Rome, Italy 
(0.26 and 0.46, respectively) while both cities have similar population size (about 2.5 
million) (Sheridan and Kalkstein 2004). Also, Kyselý et al. (2010) found a stronger 
relationship (r2 = 0.33) between all-cause mortality and independent variables within a 
regression model calculated for the South Korean population as a whole (~50 million), 
based on the TSI approach (for a classification with 6 AMs). The comparison between final 
algorithms for individual locations is not straightforward, however, as studies apply various 
regression approaches and air mass classifications, the locations differ by climate, and 
mortality data for populations with different characteristics (including overall vulnerability, 
age structure and size) and over different time periods (as well as different periods of year) 
are examined. Moreover, in comparison to the aforementioned studies that evaluated total 
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(all-cause) mortality, we analysed data for CVD mortality and morbidity in order to allow for 
a comparison between the two (as all-cause hospital admission data were not available), 
and that further reduced the sample size.  
When the same stepwise regression procedure as used here (with the same variable as 
in Table 5.1, but without the air pollution data) is applied to CVD mortality data for the 
whole Czech Republic (population ~10 million), the percentage of mortality variance 
explained increases up to 25% and besides a temperature variable (T07 for DT and T_1 for 
MT), non-meteorological variables are identified as significant, too. Together with the year 
variable, reflecting the decreasing trend in heat-related mortality during the examined 
period for both OAMs (cf. Kyselý and Plavcová 2012), day in sequence (DIS) and time of 
season (TOS) had a significantly positive relationship with excess mortality on DT and MT 
days, respectively. The significance of DIS variable in the regression analysis for DT reflects 
its tendency to cluster in longer sequences of consecutive days than MT. A limitation of 
using SSC (calculated for Prague) for the whole Czech Republic is, however, that it does not 
reflect spatial differences in weather between different regions of the country. For follow-up 
research, all-cause mortality should be considered, and applicability of SSC as well as 
benefits of its use within a Prague heat-watch warning system needs to be compared to 
other synoptic and epidemiological approaches, similarly to Hajat et al. (2010).  
5.4.3 Sequences of the oppressive AMs 
Although persistence of oppressive weather conditions (DIS) was not found to be 
significant in the regression analysis for Prague, a delayed response of mortality enhanced 
by consecutive hot days has been documented in many studies assessing heat-related 
mortality by ‘synoptic’ (Smoyer et al. 2000; Sheridan and Kalkstein 2004; Kyselý et al. 2010) 
as well as ‘traditional’ approaches (Mastrangelo et al. 2007; D’Ippoliti et al. 2010; Kyselý et 
al. 2011; Barnett et al. 2012; Zacharias et al. 2014). Our results show that the AMs linked 
with excess mortality in summer occur frequently in sequences that are typical for summer 
hot spells (Figure 5.4 and 5.5). The day D+1 after the hot spell occurrence is associated with 
the highest mean CVD mortality deviation (20.3%) during hot spells. This day is also linked 
with the highest occurrence of the OAMs (90%), largest temperature anomaly (7.8 °C) and 
the largest day-to-day negative pressure change. Although the D+1 seems to be a weather-
change day between the ‘upward’ (with prevailing DT) and ‘downward’ (MT) phase of a hot 
spell, we did not find any significant relationship between CVD mortality and transition (T) 
air mass occurrence. However, our findings are in accordance with those of Plavcová and 
Kyselý (2010), who found increased CVD mortality in the Czech Republic in relation to large 
temperature increases and large atmospheric pressure drops and, on the other hand, a 
decrease in mortality after large temperature drops, pressure increases and passages of 
strong cold fronts. Guo et al. (2011) found a significant increase in CVD mortality for large 
day-to-day temperature changes in Australia and California, and Lin et al. (2013) suggest 
that the day-to-day temperature changes might be an alternative temperature indicator for 
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studying temperature-mortality relationships. However, we are not aware of any study 
analysing typical AM sequences and their relationships to increased mortality or morbidity 
during heat waves. 
Regarding our findings concerning cause-specific CVD, mortality due to CD seems to be 
more strongly influenced by the weather-type transition within a hot spell than is mortality 
due to IHD. Also, Hanzlíková et al. (2015) found more pronounced mortality increases for 
CD than IHD during hot spells (1994–2009) in most population groups in the Czech 
Republic. Kyobutungi et al. (2005) had reported that large changes in temperature are 
connected with increased risk of stroke, regardless of whether the change was positive or 
negative. The present study shows that the typical change from DT- to MT-like weather may 
be the leading factor in CVD mortality peak timing within a hot spell, while it may contribute 
to the increased and more lagged effects on CD.  
In comparison with mortality, an opposite (but small and insignificant) effect of OAMs 
was found for CVD morbidity. Very small or even negative CVD morbidity deviations on days 
with hot conditions (and large positive mortality deviations) correspond with other findings 
in recent studies (Urban et al. 2014; Zacharias et al. 2014). Reasons for the weak links 
between hot weather and CVD morbidity stated in the literature include rapid deaths due to 
CVDs before people are admitted to hospital (Linares and Díaz 2008) and different primary 
causes of hospital admission (heat stroke, dehydration) even though chronic CVDs are 
frequently the main underlying cause (Semenza et al. 1999).  
5.5 Conclusions 
In this study, we employed the widely used spatial synoptic classification (SSC) for the 
first time in assessing heat-related mortality and morbidity in central Europe (Prague, Czech 
Republic). Two SSC air masses (AMs) – dry tropical (DT) and moist tropical (MT) – were 
found to be associated with significant excess CVD mortality. DT is characterized by the 
highest air temperature and smallest cloud cover, wind speed and relative humidity among 
the AMs, while the more frequent MT type has on average lower air temperature but greater 
cloud cover and relative humidity than does DT. These two oppressive AMs (DT and MT) 
show different effects on the two main CVD subgroups. While excess mortality for ischaemic 
heart diseases (IHD) is more strongly associated with DT, MT has an adverse effect 
especially on cerebrovascular disease (CD) mortality. In contrast to mortality, no AM is 
associated with significantly positive CVD morbidity deviations. Nevertheless, those AMs 
associated with large positive mortality deviations are also associated with negative 
morbidity deviations, and vice versa. 
Links between the oppressive AMs and excess mortality are also related to conditions on 
previous days, as AMs occur in typical sequences during hot spells. DT is the most frequent 
AM at the beginning while MT occurs most frequently in a later phase of hot spells. The 
highest excess CVD mortality in Prague is observed one day after the hot spell’s onset, which 
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is associated, on average, with the highest temperature deviation, largest day-to-day 
pressure drop, and highest occurrence of oppressive AMs (considered together). This peak 
is followed by a decline in temperature but an increase in humidity, and it relates to the 
typical change from DT- to MT-like weather within hot spells. The present study suggests 
that weather type transition may be the leading factor in timing of the CVD mortality peak 
within a hot spell, while it contributes to the increased and more lagged effects on the CD 
subgroup. 
SSC shows itself to be a useful tool for describing weather patterns during hot spells and 
their effects on CVD mortality also in central Europe. As only a small percentage of the CVD 
mortality variance in Prague can be explained by the linear regression models for individual 
oppressive AMs, however, SSC’s applicability and the benefits of its use within heat-watch 
warning systems need to be compared with other synoptic and epidemiological approaches 
in follow-up studies. 
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